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Rapid Differential Diagnosis of Non-Traumatic Headache in the Emergency Department: A Systematic Review and Evidence-Based Diagnostic Algorithm for Identifying Life-Threatening Secondary Headaches

Abstract
Background. Non-traumatic headache accounts for a substantial minority of emergency department (ED) attendances. Only a small proportion of these presentations arise from a life-threatening secondary cause, but the consequences of a missed diagnosis are severe. Guidance concentrates heavily on subarachnoid haemorrhage, and it is unclear how the wider differential should be structured at the bedside.
Objective. To synthesise, without meta-analysis, the accuracy and diagnostic yield of clinical features, decision rules, imaging, cerebrospinal fluid analysis, biomarkers and bedside adjunct tests for identifying life-threatening secondary headache in adults presenting to the ED with non-traumatic headache, and to derive an evidence-based diagnostic algorithm.
Methods. PubMed/MEDLINE (two strands), Europe PMC and ClinicalTrials.gov were searched on 30 June 2026 for reports published between 1 January 2000 and 30 June 2026, supplemented by forward and backward citation searching. Eligible studies enrolled adults presenting to an ED or equivalent acute assessment setting with non-traumatic headache and reported diagnostic accuracy, or the frequency of a serious secondary cause within a defined denominator or index-test stratum. One reviewer screened records, extracted data and appraised studies using QUADAS-2. Synthesis was by structured tabulation and narrative comparison grouped by index test, with no statistical pooling. Confidence in the body of evidence was assessed using a structured, explicitly labelled framework.
Results. Of 6,465 unique records screened, 199 studies (210 reports) were included, conducted in 34 countries; 57 reports described prospective designs and 128 retrospective designs. A serious secondary cause was identified in approximately 5% to 13% of ED non-traumatic headache populations, and in 10.9% of thunderclap presentations. A normal neurological examination did not exclude a serious cause (4.8% of such patients). Composite decision rules were highly sensitive but poorly specific: the Ottawa Subarachnoid Haemorrhage Rule reached 100% sensitivity in several validation cohorts with specificity of 13.6% to 37.0%, and applied to fewer than one quarter of ED headache presentations. Non-contrast CT performed within six hours of headache onset reached sensitivities of 97% to 100% with negative predictive values of 99.6% to 99.9%, falling to approximately 90% beyond six hours. After a negative CT, the diagnostic yield of lumbar puncture was 0.4% to 1%, against a complication rate of about 6%, although 7% of confirmed haemorrhages were still identified only by lumbar puncture. Jolt accentuation of headache showed sensitivities from 21% to 75% and cannot exclude meningitis. Selected adjuncts, including D-dimer combined with a clinical probability score for cerebral venous thrombosis and non-mydriatic fundus photography for papilloedema, showed useful rule-out or detection properties. Only 5 of 210 reports were at low risk of bias across all four QUADAS-2 domains; index-test blinding was unclear in 182 reports.
Conclusions. The evidence supports a staged, time-anchored diagnostic pathway in which a validated rule determines who requires investigation, early non-contrast CT does most of the diagnostic work for subarachnoid haemorrhage, and phenotype-directed second-line tests address the conditions a normal CT does not exclude. Confidence in the underlying evidence is low to moderate, dominated by single-centre retrospective studies with incomplete reporting, and the proposed algorithm requires prospective external validation before implementation.
Funding. No funding was received.
Registration. The review was not registered and no prospective public protocol was available.
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1. Introduction
Headache is among the most frequent reasons for attendance at emergency departments (EDs) worldwide. In a multinational cross-sectional study of 4,536 adults across 67 hospitals in 10 countries, non-traumatic headache was the main presenting complaint in a consistent share of attendances, and more than 30 distinct discharge diagnoses were recorded (Kelly et al., 2021). In single-centre and statewide series, headache has accounted for between 0.5% and 10.1% of ED presentations (Handschin et al., 2020; Locker et al., 2004; Rueda-Sánchez et al., 2005). The overwhelming majority of these presentations are caused by primary headache disorders that carry no threat to life, and the central task of the emergency clinician is therefore not to diagnose the headache but to exclude the minority of secondary causes in which delay produces death or permanent disability.
That minority is small but consequential. Aneurysmal subarachnoid haemorrhage (SAH) is the archetype: in a population-based linked-data study in Queensland, Australia, SAH was found in 1.9% (95% CI 1.8–2.0) of ED patients presenting with headache, with an in-hospital mortality of 23.8% (95% CI 22.0–25.8) (Chu et al., 2018b). Yet SAH is only one of a family of time-critical diagnoses that present with headache, including cerebral venous thrombosis, cervical artery dissection, bacterial meningitis and encephalitis, reversible cerebral vasoconstriction syndrome, posterior reversible encephalopathy syndrome, pituitary apoplexy, raised intracranial pressure, giant cell arteritis and carbon monoxide poisoning. Each has a different optimal test, and several are not excluded by the test that dominates ED practice, namely non-contrast computed tomography (CT) of the head.
Three features make this a difficult diagnostic problem. First, the pre-test probability of serious disease is low, so tests with even modest false-positive rates generate large numbers of unnecessary downstream investigations. Second, the discriminating clinical features overlap substantially between benign and dangerous causes: in a prospective diagnostic work-up of patients investigated for suspected SAH, patient characteristics, conditions at onset and accompanying symptoms were similar across 30 different diagnostic groups (Bø et al., 2008). Third, the accuracy of the principal rule-out test is time-dependent, so a decision that is safe at four hours from onset may not be safe at twelve.
Existing guidance addresses part of this problem. Clinical policies and classification systems provide criteria for investigating suspected SAH and for classifying headache disorders (American College of Emergency Physicians, 2019; Anonymous, 2018), and consensus red-flag lists such as SNNOOP10 propose features that should prompt further evaluation (Do et al., 2019). However, these instruments are largely oriented towards a single target condition or towards classification rather than triage, and the evidence underpinning the wider differential has not been synthesised in a form that maps onto the sequence of decisions an emergency clinician actually makes. Previous syntheses have concentrated on SAH decision rules or on the sensitivity of early CT, leaving the accuracy of second-line and condition-specific tests, and the interaction between them, largely uncollated.
This review therefore had two objectives. The primary objective was to determine, in adults presenting to an ED with non-traumatic headache, the diagnostic accuracy and diagnostic yield of clinical features, composite clinical decision rules, neuroimaging, cerebrospinal fluid (CSF) analysis, blood biomarkers and bedside adjunct tests for identifying a life-threatening secondary headache. The secondary objective was to use that synthesis to derive an explicit, staged diagnostic algorithm, and to state the confidence that can reasonably be placed in each of its components. Because the eligible studies differ fundamentally in population definition, index test, threshold, reference standard and target condition, the review was conducted and reported as a systematic review without meta-analysis.
2. Methods
2.1 Reporting frameworks
The review was conducted and reported in accordance with the PRISMA 2020 statement (Page et al., 2021), the PRISMA extension for diagnostic test accuracy reviews (McInnes et al., 2018), PRISMA-S for the reporting of literature searches (Rethlefsen et al., 2021), PRISMA for Abstracts (Beller et al., 2013), and the SWiM reporting guideline for synthesis without meta-analysis (Campbell et al., 2020). Completed checklists are provided in Supplementary material S7.
2.2 Protocol and registration
The review was not registered and no prospective public protocol was available. All methodological decisions described below were specified before the corresponding step was executed, and the two substantive deviations that arose during conduct are reported explicitly in Section 2.13.
2.3 Review question and framework
The review type is diagnostic accuracy, and the question was framed using the participants, index test, comparator, reference standard and target condition structure recommended for such reviews. The primary review question was: among adults presenting to an emergency department with non-traumatic headache, what is the accuracy of clinical features, composite clinical decision rules, neuroimaging, cerebrospinal fluid analysis, blood biomarkers and bedside adjunct tests for identifying a life-threatening secondary headache? Secondary questions addressed the pre-test probability of a serious secondary cause in this population, the frequency and character of missed diagnoses after ED discharge, and the extent to which the available evidence supports a staged diagnostic algorithm.
Life-threatening secondary headache was defined a priori as any secondary headache disorder in which delayed recognition could reasonably result in death or permanent neurological, visual or systemic disability. The conditions falling within this definition were subarachnoid haemorrhage and other intracranial haemorrhage, ischaemic stroke presenting with headache, cerebral venous thrombosis, cervical or intracranial arterial dissection, bacterial and viral meningitis and encephalitis, brain abscess, reversible cerebral vasoconstriction syndrome, posterior reversible encephalopathy syndrome, pituitary apoplexy, intracranial neoplasm, acute hydrocephalus and shunt malfunction, raised intracranial pressure including idiopathic intracranial hypertension, hypertensive emergency, giant cell arteritis, acute angle-closure glaucoma and carbon monoxide poisoning.
2.4 Eligibility criteria
Eligibility criteria were derived from the review question and are set out in full in Table 1. Several criteria warrant justification. The review was restricted to adults because the differential diagnosis, the applicable decision rules and the reference standards for paediatric non-traumatic headache differ materially from those in adults, and combining the two would have produced a clinically incoherent synthesis. Studies were required to define their population by the presenting complaint of non-traumatic headache, or to report results separately for such a subgroup, so that the reported accuracy reflects the decision an emergency clinician actually faces. Studies whose population was defined by having already received an investigation, or by having a confirmed diagnosis, were eligible only where an interpretable denominator was retained, because designs that enrol only confirmed cases can estimate sensitivity but not specificity or predictive values, and are prone to spectrum bias. Case reports, narrative and systematic reviews, editorials, decision-analytic and economic models, physician surveys and preprints were excluded as designs that cannot contribute primary accuracy data, although systematic reviews and clinical policies were retained as sources for citation searching.
Table 1 states each criterion and its justification. Applying it consistently is what makes the boundary of the evidence base auditable, and several of the exclusions it generated (for example, studies of giant cell arteritis conducted outside emergency settings) are themselves informative about where evidence for this clinical problem is missing.
Table 1. Eligibility criteria and their justification
	Domain
	Inclusion criteria
	Exclusion criteria
	Justification

	Population
	Adults (aged 16 years or older, or a study population described as adult) presenting to an emergency department or an equivalent acute assessment unit with non-traumatic headache as the presenting complaint; or a broader acute population in which results for the non-traumatic headache subgroup are reported separately.
	Paediatric-only populations; populations defined by head trauma; populations defined by another presenting complaint (for example vertigo, delirium, syncope) without separate headache results; populations defined by a comorbidity (for example HIV infection, hypertension) rather than by headache.
	The differential diagnosis, applicable decision rules and reference standards differ between adults and children. Defining the population by presenting complaint preserves the clinical decision that the review is intended to inform.

	Setting
	Emergency department, emergency medical assessment unit, clinical decision unit, or an equivalent acute assessment service to which patients present without prior specialist selection.
	Prehospital and dispatch settings; outpatient headache clinics; primary care; inpatient wards; radiology-defined populations with no emergency denominator.
	Test performance depends on the spectrum of disease at the point of presentation. Prehospital and specialist-clinic populations have different pre-test probabilities.

	Index test
	Any clinical feature, red-flag criterion or red-flag list; any composite clinical decision rule or triage instrument; non-contrast CT; CT angiography; CT or MR venography; MRI; lumbar puncture and cerebrospinal fluid analysis; blood biomarkers; bedside adjunct tests including ocular fundus imaging, optic nerve sheath ultrasonography and pulse CO-oximetry.
	Tests applied only after the target condition was already established; therapeutic interventions.
	The review addresses the whole diagnostic pathway rather than a single modality, because the pathway is what determines patient safety.

	Reference standard
	A composite reference standard appropriate to the target condition, comprising neuroimaging, cerebrospinal fluid analysis, angiography, venography, biopsy, expert or specialist diagnosis, and structured clinical follow-up where applied.
	No stated reference standard; reference standard consisting solely of the index test.
	Composite reference standards are unavoidable in this field because no single test defines all target conditions.

	Target condition
	Any life-threatening secondary headache, as defined in Section 2.3, or a specified condition within that group.
	Outcomes limited to primary headache classification, procedural complications, incidental findings, or non-life-threatening secondary causes such as rhinosinusitis.
	The clinical question is the identification of causes in which delay is harmful.

	Outcomes
	Quantitative diagnostic accuracy (sensitivity, specificity, predictive values, likelihood ratios, area under the curve), or the frequency of a life-threatening secondary cause within a defined denominator or within a stratum defined by an index-test result, or the frequency of missed serious diagnosis after emergency discharge.
	Studies reporting only utilisation, cost, adherence to guidance, documentation quality or clinician behaviour.
	Only these outcomes inform the probability revisions on which the diagnostic pathway depends.

	Study design
	Prospective or retrospective cohort studies, cross-sectional studies, diagnostic case-control studies, consecutive series and population-based linked-data studies.
	Case reports; case series of confirmed cases without an interpretable denominator; narrative and systematic reviews; editorials, letters and commentaries; decision-analytic and economic models; clinician surveys; qualitative studies; preprints.
	Excluded designs cannot yield primary accuracy estimates for the population of interest. Reviews and clinical policies were retained as sources for citation searching.

	Publication period and language
	Published between 1 January 2000 and 30 June 2026. No language restriction was applied at the search stage.
	Publication dated outside the eligible period.
	The period corresponds to the era of multidetector CT, over which the accuracy of the principal rule-out test has changed materially.


2.5 Information sources and search strategy
Searches were executed on 30 June 2026. The information sources actually searched were PubMed/MEDLINE (through the NCBI E-utilities interface), Europe PMC (through its RESTful web service) and ClinicalTrials.gov (through API version 2), supplemented by forward and backward citation searching. Crossref and the DOI resolver were used solely to verify reference metadata and were not used as bibliographic search sources.
Two subscription resources were sought but could not be searched: the Cochrane Library and the WHO International Clinical Trials Registry Platform both refused access (HTTP 403) at the time of searching. No counts are reported for these sources, and no claim is made that they were searched. Embase, Scopus, Web of Science, CINAHL and PsycINFO were not searched because access was unavailable. This is an openly accessible evidence search rather than a comprehensive subscription-database search, and the resulting limitation is discussed in Section 5.
Search strategies combined controlled vocabulary and free-text terms for the headache concept, the emergency-care setting, diagnostic accuracy and decision-support concepts, the target conditions, and the relevant imaging and CSF modalities. Table 2 gives the sources, platforms, execution date, limits and exact retrieved counts; complete source-specific strategies are reproduced verbatim in Supplementary material S1 and in the Search ledger of the evidence ledger. The search was not peer reviewed by a second information specialist, and no PRESS peer review was performed.
Table 2 makes the boundary of the search explicit, including the two sources that could not be reached. The counts in the final column are the exact numbers returned by each interface and are the numbers that flow into the PRISMA diagram.
Table 2. Information sources, search execution and retrieved counts
	Source
	Platform or interface
	Execution date
	Limits applied
	Records retrieved

	PubMed/MEDLINE (strand 1)
	NCBI E-utilities
	30 June 2026
	Publication date 1 January 2000 to 30 June 2026; no language limit
	2,883

	PubMed/MEDLINE (strand 2)
	NCBI E-utilities
	30 June 2026
	Publication date 1 January 2000 to 30 June 2026; no language limit
	3,558

	Europe PMC
	Europe PMC RESTful web service
	30 June 2026
	First publication date 1 January 2000 to 30 June 2026; no language limit
	1,684

	ClinicalTrials.gov
	ClinicalTrials.gov API v2
	30 June 2026
	No register-level date limit; records screened against the same eligibility criteria
	157

	Forward citation searching
	Europe PMC citations service, applied to 16 seed reports
	30 June 2026
	Records restricted to the eligible publication period at screening
	346

	Backward citation searching
	Reference lists of 3 open-access seed reports retrieved as full text from Europe PMC
	30 June 2026
	Records restricted to the eligible publication period at screening
	38

	Cochrane Library
	www.cochranelibrary.com
	30 June 2026
	Not applicable
	Not searched: access refused (HTTP 403)

	WHO ICTRP
	trialsearch.who.int
	30 June 2026
	Not applicable
	Not searched: access refused (HTTP 403)


Note. Counts are the exact numbers of records returned by each interface on the execution date. Complete strategies are reproduced in Supplementary material S1.
2.6 Amendment to the search strategy
A sentinel-study check was performed before screening, as a search-quality safeguard. The first PubMed strand, which required an explicit emergency-care setting concept, failed to retrieve several reports known to be eligible, including the multicentre Canadian derivation cohort for high-risk clinical characteristics for subarachnoid haemorrhage (Perry et al., 2010) and a validation of the Ottawa Subarachnoid Haemorrhage Rule in an Asian Chinese cohort (Cheung et al., 2018). Inspection showed that the emergency-setting concept block was over-restrictive for reports that describe their setting only in the full text.
A second PubMed strand was therefore developed and executed on the same date, in which the setting requirement was replaced by acute-headache terminology combined with the diagnostic and target-condition concepts. The sentinel check was repeated against the amended strategy, which retrieved all recoverable sentinel reports. Both strands are reported separately throughout, so that the effect of the amendment on the yield is visible. This amendment is recorded as a deviation in Section 2.13.
2.7 Record management and study selection
Records were retrieved programmatically and deduplicated using a deterministic procedure that first merged records sharing a PubMed identifier, a DOI, a PubMed Central identifier or a register identifier, and then merged records sharing an identical normalised title only where the first author surname also matched and the publication years differed by no more than three, so that distinct articles with generic titles were not merged. Every merge was retained in an audit trail and each duplicate group is recorded in the evidence ledger. During development of the deduplication procedure an error was detected and corrected in which DOIs were being extracted from the reference lists embedded in PubMed records rather than from the article record itself; the corrected extraction produced no duplicated DOIs across the record set.
Records were screened on title and abstract against the eligibility criteria. Records whose publication type was recorded as a case report, editorial, letter, comment, news item, congress abstract, book chapter or erratum were excluded at this stage under a prespecified rule; to verify that this rule did not remove eligible primary studies, the titles of all records typed as case reports were inspected and none described an eligible cohort. Records advancing beyond title and abstract screening were assessed for eligibility against the best accessible source, and one primary reason for exclusion was assigned to each excluded report using a prespecified hierarchy (population and setting, then design and publication type, then index test and outcome). Full-text exclusions with reasons are listed in Supplementary material S3 and in the evidence ledger.
Screening, eligibility assessment, data extraction and risk-of-bias appraisal were performed by one reviewer working with computer assistance. There was no second independent reviewer, and no duplicate independent screening, extraction or appraisal was performed. This is a material limitation and is discussed in Section 5.
2.8 Data extraction and source of extraction
A structured extraction form recorded the study identifier, country, design, setting and number of centres, number of participants analysed, population definition, index test and threshold, reference standard, target condition and the quantitative results as reported by the study authors. Values were extracted only where the accessed source supported them; where the accessed source did not report an item, the item is recorded as 'Not reported' rather than inferred.
Because this was an openly accessible evidence search, full reports could not be obtained for every included study. The source of extraction is therefore recorded for every report: the full report was retrieved through Europe PMC open-access full text for 66 reports, and for the remaining 144 reports only the published, peer-reviewed abstract record could be accessed. Extraction for those 144 reports was limited to abstract-level information and is labelled as such throughout the evidence ledger. No attempt was made to infer unreported study detail.
2.9 Outcomes
The primary outcome was the accuracy of an index test for identifying a life-threatening secondary headache, expressed as sensitivity and specificity with confidence intervals where reported, and supplemented by predictive values and likelihood ratios where the study reported them. Because a missed life-threatening cause is the harm the pathway exists to prevent, sensitivity and negative predictive value were prioritised over specificity when tests were compared. Secondary outcomes were the prevalence of a life-threatening secondary cause within a defined ED denominator; the diagnostic yield of an index test, defined as the proportion of tested patients in whom a target condition was identified; and the frequency of a serious neurological diagnosis identified after emergency discharge. Where a study reported several time points or thresholds, the value corresponding to the clinical decision point stated by the authors was extracted, and time-stratified estimates were retained separately because the accuracy of non-contrast CT is explicitly time-dependent.
2.10 Risk of bias and applicability
Risk of bias and applicability were assessed with QUADAS-2 (Whiting et al., 2011), using the four risk-of-bias domains (patient selection, index test, reference standard, and flow and timing) and the three applicability domains. Signalling questions were operationalised as prespecified rules applied to the information available in the accessed report: patient selection was rated low where enrolment was consecutive or unselected from an eligible emergency population, and high where the design was a case-control study, enrolled only patients with the target condition, or defined the population by receipt of an investigation; the index-test domain was rated low only where interpretation or scoring was explicitly independent of the reference standard; the reference-standard domain was rated low where the standard combined imaging, cerebrospinal fluid analysis, angiography, specialist diagnosis or structured follow-up, and high where classification rested on routine coding, discharge diagnosis or an imaging report alone; and flow and timing was rated low where all participants were verified by the reference standard or by structured clinical follow-up, and high where verification was differential.
Where the accessed report did not provide the information required by a signalling question, the domain was rated unclear rather than assumed. This is a consequence of the access limitation described in Section 2.8 as much as of study reporting, and the two contributions cannot be separated. Domain-level judgements with supporting rationale for every included report are given in the evidence ledger and summarised in Supplementary material S4.
2.11 Synthesis without meta-analysis
Synthesis without meta-analysis was selected before data extraction and is reported in accordance with SWiM (Campbell et al., 2020). No pooled sensitivity, specificity, summary receiver operating characteristic curve, pooled prevalence, heterogeneity statistic or pooled P value was calculated, and no summary estimate is displayed or implied.
The decision not to pool was based on demonstrable incompatibility of the contributing studies rather than on an assertion of statistical heterogeneity. Included studies differed in the population sampled (all ED headache presentations, thunderclap presentations only, patients selected for imaging, or patients selected for lumbar puncture); in the index test and its threshold (for example, cerebrospinal fluid red cell cut-points of 5, 2,000 and 3,667 per microlitre across different studies); in the reference standard (imaging alone, imaging with cerebrospinal fluid analysis, angiography, or structured follow-up of varying duration); in the target condition (aneurysmal subarachnoid haemorrhage, any subarachnoid haemorrhage, any intracranial pathology, or any serious secondary headache); and in the estimand reported (sensitivity in confirmed cases only, versus full two-by-two accuracy in a consecutive cohort). Pooling estimates across these differences would produce a number without a defensible clinical interpretation.
Studies were grouped for synthesis by index test into ten prespecified domains: aetiological spectrum and pre-test probability; clinical features, red flags and decision rules; neuroimaging yield and selection scores; non-contrast CT for subarachnoid haemorrhage; lumbar puncture and cerebrospinal fluid analysis; CT angiography and MRI-based imaging; blood-based biomarkers; bedside adjunct tests; meningitis bedside signs and lumbar-puncture decisions; and triage tools and missed diagnosis. Within each domain, results are presented by structured tabulation with the direction and magnitude of each estimate and its uncertainty as reported, and are compared narratively with explicit attention to study size, design, risk of bias and the population sampled. Vote counting based on statistical significance was not used. Where studies disagreed, the range across studies is reported and the sources of disagreement are examined rather than averaged away.
2.12 Confidence in the body of evidence
A formal GRADE assessment for diagnostic tests requires linked evidence on test accuracy and on the downstream consequences of testing, and the certainty rating is anchored to patient-important outcomes (Schünemann et al., 2008). For most index tests in this review, that linked evidence does not exist and the included studies do not permit the required judgements. A full GRADE profile would therefore have conveyed more precision than the evidence supports. Instead, a structured and explicitly labelled confidence assessment was applied to each synthesis domain, considering risk of bias, consistency of estimates across studies, directness of the population and target condition, precision as reported, and the risk of missing evidence. This assessment is labelled as a structured confidence assessment throughout and is not a GRADE certainty rating.
2.13 Deviations from the intended methods
Two substantive deviations occurred. First, the search strategy was amended during conduct after a sentinel-study check demonstrated that the initial emergency-setting concept block was insufficiently sensitive; a second PubMed strand was added and executed on the same date, and both strands are reported separately (Section 2.6). Second, formal GRADE certainty rating was replaced by a structured confidence assessment for the reasons given in Section 2.12. In addition, preprints were excluded once it became apparent during eligibility assessment that peer-review status could not be verified for the records concerned; this criterion is stated in Table 1 and the two affected records are listed among the full-text exclusions.
2.14 Reference verification
Every included report was verified against its authoritative PubMed record, and the DOI recorded in that record was resolved through the Crossref API or the DOI resolver. The title returned by the resolved DOI was compared with the title in the bibliographic record. Correction, erratum, expression-of-concern and retraction notices were checked for every included report. Where a DOI could not be resolved after authoritative checking, the DOI was omitted from the reference rather than reproduced unverified. The complete verification log is provided in the evidence ledger and in Supplementary material S6.
3. Results
3.1 Search and study selection
The two PubMed/MEDLINE strands, Europe PMC and ClinicalTrials.gov together yielded 8,282 records; forward and backward citation searching yielded a further 384. After removal of 2,133 duplicate records within the database and register arm and 68 records already identified from those sources, 6,465 unique records were screened. Screening on title and abstract excluded 6,042 records. Of the 423 reports sought for retrieval, one could not be retrieved in any accessible form and was not assessed further; 422 reports were assessed for eligibility and 212 were excluded, the commonest reasons being absence of an eligible index test or accuracy outcome (n = 68), an ineligible population or setting (n = 58) and an ineligible study design or publication type (n = 55).
Two hundred and ten reports met all eligibility criteria. After grouping companion reports of the same underlying investigation, these corresponded to 199 unique studies. Five groups of companion reports were identified: seven reports of the HEAD and HEAD-Colombia international multicentre cohort, three reports of the FOTO-ED prospective fundus photography study, and two reports each of the Canadian multicentre subarachnoid haemorrhage cohort recruited between 2000 and 2009, the Queensland statewide emergency department snapshot, and a single-centre Norwegian sudden-severe-headache cohort. Figure 1 shows the flow of records; the counts in the figure are derived by formula from the record-level ledger, so that every number reconciles with the underlying records.
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Figure 1. PRISMA 2020 flow diagram for the identification, screening and inclusion of studies
Note. Reports are individual publications; studies are unique underlying investigations, with companion reports of the same study counted once. All counts reconcile arithmetically with the record-level evidence ledger.
3.2 Characteristics of the included studies
The included studies span the full eligible period, from 2001 to 2026, with a median publication year of 2018; 29 reports were published between 2000 and 2009, 97 between 2010 and 2019 and 84 from 2020 onwards. They were conducted in 34 countries, most frequently the United States (46 reports), the United Kingdom (21), Australia (15), Türkiye (15), Canada (12), the Netherlands (10), Spain (9) and Japan (9); seven reports described multinational cohorts and one a cohort spanning the United Kingdom and Ireland. One hundred and twenty-eight reports described retrospective designs and 57 prospective designs; three described mixed prospective and retrospective components, and for 22 the accessed source did not state whether the design was prospective or retrospective. Table 3 summarises the distribution of studies, designs and extraction sources across the ten synthesis domains, and shows immediately where the evidence base is concentrated and where it is thin.
Two features of Table 3 shape everything that follows. First, the evidence is heavily concentrated on subarachnoid haemorrhage: the domains covering non-contrast CT, cerebrospinal fluid analysis and composite decision rules together account for 94 of the 210 reports, whereas the conditions that a normal CT does not exclude are addressed by far fewer studies. Second, the full report could be retrieved for only 66 reports, so most of the evidence base has been characterised from published abstracts, which constrains both extraction detail and risk-of-bias appraisal.
Table 3. Distribution of included reports across synthesis domains, by design and source of extraction
	Synthesis domain
	Reports
	Prospective
	Retrospective
	Mixed or not classifiable
	Full report retrieved
	Abstract record only

	A. Aetiological spectrum and pre-test probability
	37
	14
	15
	8
	10
	27

	C. Clinical features, red flags and decision rules
	43
	10
	29
	4
	15
	28

	D. Neuroimaging yield and selection scores
	18
	2
	15
	1
	6
	12

	E. Non-contrast CT for subarachnoid haemorrhage
	10
	3
	7
	0
	1
	9

	F. Lumbar puncture and cerebrospinal fluid analysis
	41
	4
	29
	8
	9
	32

	G. CT angiography and MRI-based imaging
	11
	2
	8
	1
	4
	7

	H. Blood-based biomarkers
	16
	7
	9
	0
	6
	10

	I. Bedside adjunct tests
	12
	10
	0
	2
	5
	7

	J. Meningitis bedside signs and lumbar-puncture decisions
	11
	5
	6
	0
	4
	7

	K. Triage tools and missed diagnosis
	11
	0
	10
	1
	6
	5

	Total
	210
	57
	128
	25
	66
	144


Note. Reports rather than studies are counted, because companion reports of one study may contribute to different domains. Design was classified from the accessed source. 'Mixed or not classifiable' covers reports describing both prospective and retrospective components (n = 3) and reports whose accessed source did not state a prospective or retrospective design (n = 22).
3.3 Risk of bias and applicability
Risk of bias was substantial and, for most domains, indeterminate. Of 210 reports, only 5 were rated at low risk of bias across all four QUADAS-2 domains, while 93 were rated at high risk of bias in at least one domain. The pattern of judgements is as informative as their distribution: patient selection could be rated low in 81 reports because enrolment was consecutive or unselected, but was rated high in 53, most often because the study enrolled only patients with a confirmed target condition or defined its population by receipt of an investigation. Blinding of index-test interpretation to the reference standard was reported in only 28 reports and was unclear in 182. Flow and timing was unclear in 166 reports, predominantly because the accessed source did not state whether all participants were verified.
These judgements must be read alongside the access limitation: an unclear rating means that the accessed report did not supply the information, and for 144 reports the accessed source was an abstract. The unclear ratings therefore reflect a combination of incomplete study reporting and incomplete access, and the two cannot be separated. Applicability was more reassuring, with the population domain rated low concern in 147 reports and the index-test domain rated low concern in all 210, reflecting the eligibility criteria. Table 4 summarises the domain-level judgements.
Table 4. QUADAS-2 risk-of-bias and applicability judgements across 210 included reports
	QUADAS-2 domain
	Low
	High
	Unclear

	Patient selection (risk of bias)
	81
	53
	76

	Index test (risk of bias)
	28
	0
	182

	Reference standard (risk of bias)
	84
	52
	74

	Flow and timing (risk of bias)
	42
	2
	166

	Patient selection (applicability concerns)
	147
	63
	0

	Index test (applicability concerns)
	210
	0
	0

	Target condition (applicability concerns)
	84
	0
	126


Note. Judgements were made from the source actually accessed. An unclear rating indicates that the accessed report did not provide the information required by the signalling question, which for 144 reports was a published abstract. Domain-level rationale for every report is given in the evidence ledger.
3.4 Pre-test probability of a life-threatening secondary headache
Thirty-seven reports characterised the aetiological spectrum of ED non-traumatic headache and the frequency of serious secondary causes. Across unselected or consecutive adult ED populations, the proportion with a serious secondary cause clustered between about 5% and 13%. In the largest multinational cohort, a serious cause was identified in 6.1% (95% CI 5.5–6.8) of 5,293 adults (Chu et al., 2024); a single-centre prospective study that systematically interviewed all ED presenters found significant intracranial abnormality in 6.2% of all headache patients and in 23.1% of those imaged (Handschin et al., 2020); and a prospective UK cohort with three-month follow-up found a serious pathological cause in 75 of 558 patients (13.4%) (Locker et al., 2006). Retrospective cohorts restricted to patients selected for imaging reported substantially higher proportions, for example 17.3% (Alghamdi et al., 2025) and 31.9% (Alanazy et al., 2023), which reflects selection for testing rather than a higher underlying risk.
Two findings from this domain constrain the whole pathway. The first is that headache phenotype shifts probability but does not resolve it: in a planned secondary analysis of 4,536 ED headache presentations, serious pathology was identified in 10.9% (95% CI 8.7–13.5) of those describing thunderclap onset compared with 6.6% of those with a different onset (Roberts et al., 2022), and in a prospective consecutive series of 137 patients with sudden-onset headache, 11.3% had subarachnoid haemorrhage (Landtblom et al., 2002). The second is that a normal examination does not confer safety: among 3,951 ED headache patients without a known cerebral condition and with a normal neurological assessment, 4.8% (95% CI 4.2–5.5) were nevertheless diagnosed with a serious secondary cause (Kelly et al., 2025).
Age and pregnancy behave differently from the way red-flag lists imply. Serious secondary headache was diagnosed in 18% of ED patients aged 75 years or older compared with 6% of younger patients (Beck et al., 2022), whereas among 3,643 ED headache patients aged 18 to 50 years, the proportion with a serious cause did not differ significantly between pregnant women, non-pregnant women and men (Kelly et al., 2022). Table 5 sets out the population-level estimates that establish the pre-test probability against which every subsequent test must be interpreted.
Table 5. Pre-test probability of a serious secondary headache in emergency department populations
	Study
	Country
	Participants
	Population
	Frequency of a serious secondary cause, as reported

	Chu et al. (2024), HEAD/HEAD-Colombia
	Multinational
	5293
	Adults presenting to ED with non-traumatic headache
	Serious cause in 6.1% (95% CI 5.5-6.8). Independent predictors: new neurological deficit, history of neoplasm, age >50 y, recent head trauma 2-7 days prior. Combined red flags: sensitivity 96.5% (93.2-98.3), specificity 5.1% (4.3-6.0), PPV 9.3% (8.2-10.5), NPV 93.5% (87.6-96.8). Sudden onset, onset during exertion, pregnancy and immune…

	Kelly et al. (2025), HEAD
	Multinational
	3951
	ED headache patients without known cerebral conditions and with a normal neurological assessment
	Serious secondary cause in 191/3951 (4.8%, 95% CI 4.2-5.5) despite normal neurological assessment

	Roberts et al. (2022), HEAD
	Multinational
	4536
	Adult ED patients with headache as main complaint
	Thunderclap headache in 644/4536 (14.2%). CT brain in 62.7% and LP in 10.6%. Serious pathology in 10.9% (95% CI 8.7-13.5) of thunderclap versus 6.6% of non-thunderclap presentations

	Beck et al. (2022), HEAD
	Multinational
	298 aged >=75 y (of 4536)
	Adults with non-traumatic headache, comparing age >=75 y with <75 y
	Serious secondary headache in 18% of patients aged >=75 y versus 6% of younger patients (P<0.001). Older patients less often reported severe pain or fever and more often had confusion, lower Glasgow Coma Score and new neurological deficits (all P<0.001). CT in 66% versus 35% (P<0.001)

	Kelly et al. (2022), HEAD
	Multinational
	3643 aged 18-50 y
	ED headache patients aged 18-50 years
	117/3643 (3.2%) were pregnant, of whom 6 (5.1%) had a serious secondary cause. The proportion with serious causes did not differ between pregnant women, non-pregnant women and men (P=0.89)

	Handschin et al. (2020)
	Switzerland
	11269 screened; 1132 with headache; 303 imaged
	Unselected adults presenting to the ED
	Non-traumatic headache prevalence 10.1% (1132/11269). Significant intracranial abnormality in 70 (23.1% of scanned; 6.2% of all headache patients). Aetiologies: cerebrovascular disease 56%, intracranial bleeding 17%, tumours 14%, infection 9%, other 6%. Associated factors: age, emergency severity index 1-2, Glasgow Coma Score <14, focal…

	Locker et al. (2006)
	United Kingdom
	589 enrolled; 558 (94.7%) with complete follow-up
	Alert adults with non-traumatic headache
	Serious pathology in 75/558 (13.4%). Independent predictors: age >50 y (LR 2.34), sudden onset (LR 1.74), any abnormality on neurological examination (LR 3.56), presentation due to associated features (LR 2.x)

	Chu et al. (2018b)
	Australia
	Population-based
	General population, general ED population and ED patients with headache
	Incidence and in-hospital mortality of SAH and the proportion of SAH in the general ED population and among ED patients with headache were determined from linked administrative data

	Landtblom et al. (2002)
	Sweden
	137
	Consecutive patients with sudden onset (thunderclap) headache
	Incidence of thunderclap headache 43 per 100000 adults per year; SAH in 11.3%. Other findings: cerebral infarction (5), intracerebral haematoma (3), aseptic meningitis (4), cerebral oedema (1), sinus thrombosis (1). Nausea, neck stiffness, occipital location and impaired consciousness were significantly more frequent with SAH but were not…

	Zorko Garbajs et al. (2024)
	United States
	932 with TCH; 539 analysed after excluding aneurysmal SAH
	Consecutive adults with thunderclap headache
	Serious cause in 275/539 (51.0%). Commonest diagnoses: intracranial haemorrhage 102 (18.9%), RCVS 97 (18.0%), idiopathic TCH 102. Model AUROC 0.732; sensitivity 79.9% (95% CI 73.5-83.5)

	Perry et al. (2002)
	Canada
	891
	Patients >15 y presenting with headache, excluding referred confirmed SAH, recurrent headache, trauma, reduced consciousness or new deficits
	SAH in 10/891 (1.1%); CT in 313 (35.1%) and LP in 85 (9.5%). Only 9 (2.9%) CTs and 2 (2.4%) LPs were positive for SAH. Of 296 with normal CT, 232 (78.4%) had no subsequent LP. Mean length of stay 4.0 h with no testing, 5.0 h with CT and 7.1 h with LP (p=0.001)

	Knox et al. (2012)
	United Kingdom
	306
	Patients referred to an acute medical unit with acute headache
	Headache accounted for 3% of acute medical admissions. SAH in 4 (1%), meningitis in 10 (3%), intracranial tumour in 5 (2%); 26% had no specialised investigation and 18% were discharged the same day

	Rueda-Sánchez et al. (2005)
	Colombia
	1054 attendances; 100 with headache
	Patients >18 y consulting for headache
	Headache in 100/1054 (9.49%) of consultations; 25% primary and 75% secondary headache. Alarm features included fever (34), onset after age 50 (7), focal signs or symptoms (4), cancer history (4), mental changes (3)


Note. Estimates are reported as published. Populations selected for imaging or for lumbar puncture are not comparable with unselected emergency department populations and are labelled accordingly. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
The remaining reports in this domain (Aaseth et al., 2024; Agostoni et al., 2004; Almansoor et al., 2026; Althobaiti et al., 2025; Breen et al., 2008; Chu et al., 2017; García-Azorín et al., 2021; Gaughran & Tubridy, 2014; Goldstein et al., 2006; Grimaldi et al., 2009; Grooters et al., 2014; Grossberg & Galwankar, 2024; Kuan et al., 2023; Mac Grory et al., 2018; Mert et al., 2008; Mostardini et al., 2009; Muhammed et al., 2010; Perry et al., 2005; Raffaelli et al., 2017; Robbins et al., 2015; Sjulstad et al., 2026; Sporns et al., 2018; Webb et al., 2003) describe consistent patterns across settings, with variation attributable to case mix, selection for investigation and the breadth of the definition of a serious cause rather than to genuine differences in underlying risk.
3.5 Individual clinical features and red-flag criteria
Individual clinical features performed as sensitive but non-specific screens. In a prospective UK cohort followed for three months, four features were independent predictors of serious pathology, with positive likelihood ratios of 3.56 for any abnormality on neurological examination, 2.34 for age over 50 years, 2.34 for presentation because of associated features and 1.74 for sudden onset (Locker et al., 2006) — magnitudes that shift probability modestly and do not, individually, permit a rule-out decision.
The most direct evidence on composite red-flag lists comes from a secondary analysis of 5,293 patients in a multinational cohort, in which ten commonly accepted red-flag criteria were applied singly and in combination. New neurological deficit, history of neoplasm, age over 50 years and recent head trauma two to seven days previously were independent predictors, whereas sudden onset, onset during exertion, pregnancy and immune suppression were not associated with a serious diagnosis after adjustment. Taken together, the criteria achieved a sensitivity of 96.5% (95% CI 93.2–98.3) but a specificity of only 5.1% (95% CI 4.3–6.0), with a negative predictive value of 93.5% (Chu et al., 2024). A prospectively collected, retrospectively analysed study with blinded assessors reported a sensitivity of 100% (95% CI 90.2–100) for the SNNOOP10 list in detecting high-risk headache among 100 triaged ED patients, the most sensitive single item being neurological deficit or dysfunction at 75.5% (García-Azorín et al., 2022).
The clinical implication is uncomfortable but clear: applying a comprehensive red-flag list to an unselected ED headache population flags almost every patient. Its value lies in ensuring that a dangerous feature is not overlooked, not in reducing investigation. Table 6 presents the studies of individual clinical features and red-flag criteria.
Table 6. Individual clinical features and red-flag criteria for identifying a serious secondary headache
	Study
	Country
	Participants
	Index test
	Results as reported

	Chu et al. (2024), HEAD/HEAD-Colombia
	Multinational
	5293
	10 commonly accepted red-flag criteria from the SNNOOP10 list
	Serious cause in 6.1% (95% CI 5.5-6.8). Independent predictors: new neurological deficit, history of neoplasm, age >50 y, recent head trauma 2-7 days prior. Combined red flags: sensitivity 96.5% (93.2-98.3), specificity 5.1% (4.3-6.0), PPV 9.3% (8.2-10.5), NPV 93.5% (87.6-96.8). Sudden onset, onset during exertion, pregnancy and immune suppression not…

	García-Azorín et al. (2022)
	Spain
	100
	SNNOOP10 list
	High-risk headache in 46/100. SNNOOP10 sensitivity 100% (95% CI 90.2-100). Most sensitive item: neurological deficit or dysfunction (75.5%). Final diagnosis primary headache 33%, secondary 65%, cranial neuralgia 2%

	Locker et al. (2006)
	United Kingdom
	589 enrolled; 558 (94.7%) with complete follow-up
	History and examination features
	Serious pathology in 75/558 (13.4%). Independent predictors: age >50 y (LR 2.34), sudden onset (LR 1.74), any abnormality on neurological examination (LR 3.56), presentation due to associated features (LR 2.x)

	Mac Grory et al. (2018)
	United States
	158 (20 SAH, 138 non-SAH)
	Clinical characteristics of the presenting headache
	Distinguishing features: occipital location 55% versus 22% (P<0.001), stabbing quality 35% versus 5% (P<0.001), prior headache 50% versus 83% (P=0.002), meningismus 80% versus 42% (P=0.002). 65% of SAH patients reported peak within 1 second versus 10% of non-SAH (P<0.001)

	Serinken et al. (2026)
	Türkiye
	1522
	Clinical red-flag signs and symptoms
	Intracranial pathology 57/1522 (3.7%, 95% CI 2.8-4.8); SAH 20 (35.1%), ischaemic stroke 16 (28.1%), subdural haemorrhage 6 (10.5%), sinus vein thrombosis 6 (10.5%). Independent predictors: headache aggravated by physical activity OR 5.98 (2.3-15.2); age >50 y OR 3.0 (1.65-5.5). 104 (6.8%) lost to follow-up

	Alghamdi et al. (2025)
	Saudi Arabia
	387
	Headache warning signs
	Intracranial pathology 67/387 (17.31%). Independent predictors: significant change or progression in headache pattern, frequency or severity OR 3.2 (1.5-6.6); motor deficits including abnormal reflexes OR 2.x (as reported)

	Landtblom et al. (2002)
	Sweden
	137
	Clinical features
	Incidence of thunderclap headache 43 per 100000 adults per year; SAH in 11.3%. Other findings: cerebral infarction (5), intracerebral haematoma (3), aseptic meningitis (4), cerebral oedema (1), sinus thrombosis (1). Nausea, neck stiffness, occipital location and impaired consciousness were significantly more frequent with SAH but were not present in all…

	Mert et al. (2008)
	Türkiye
	174
	Demographic and clinical features
	Primary headache 72.9%, secondary 27.1%. Unilateral pain increased primary headache risk 1.431-fold (p=0.006); presence of triggers 1.440-fold (p=0.001); comorbid medical disorders increased secondary headache risk 4.643-fold (p<0.001)

	Robbins et al. (2015)
	United States
	140
	Clinical features
	Primary 65.0% and secondary 35.0%; commonest secondary cause was hypertensive disorders (51.0%). Multivariable predictors of secondary headache: elevated blood pressure OR 17.0 (4.2-56.0), lack of headache history OR 4.9 (1.7-14.5); psychiatric comorbidity OR 0.13 (0.021-0.78) and phonophobia OR 0.29 (0.09-0.91) were inversely associated

	Raffaelli et al. (2017)
	Germany
	151
	Anamnestic and clinical features
	Primary headache in 57.6%. Commonest secondary aetiologies: infections (29.7%) and hypertensive disorders (22.0%). Independent predictors of secondary headache: secondary headache history OR 6.6 (1.3-33.1), elevated blood pressure OR 7.2 (2.3-22.6), fever OR 12.1 (1.3-111.0), abnormal neurological examination OR 9.9 (2.7-36.3)

	Sporns et al. (2018)
	Germany
	239
	Anamnestic and neurological information
	Treatment-requiring intracranial pathology in 27/239 (11.3%); commonest were intracranial hypertension (9), cerebral mass lesions (7) and cranial sinus/vein thrombosis (3). Significant associations with pathological imaging: neurological deficit (p=0.001) and papilloedema (p<0.001); vigilance, pain intensity, thromboembolic risk factors, age and sex were…

	García-Azorín et al. (2020a)
	Spain
	19
	Red flags at ED presentation
	All 19 patients had at least one red flag; abnormal neurological examination most frequent (79%), other neurological symptoms (68%), headache-phenotype alarm features (63%), prior medical history risk factors (47%). Temporal pattern acute 42.1%, thunderclap 31.6%, subacute 26.3%. CVST was not the stated suspicion at imaging request in any patient

	Hashimoto et al. (2023)
	Japan
	197
	Headache characteristics
	93/197 diagnosed with cervicocerebral artery dissection. Headache characteristics analysed as independent diagnostic predictors; 41% missing data for analgesic response handled by multiple imputation

	Vidal-Castello et al. (2019)
	Spain
	303 identified; 165 included
	Alarm (red flag) criteria
	Alarm criteria present in 52/165 (31.5%); serious cause in 4/165 (2.4%). At 1 year, 3 patients without initial alarm criteria were diagnosed with serious CNS disease; 23 (13.9%) re-attended


Note. Likelihood ratios, odds ratios and accuracy estimates are reproduced as published. Studies enrolling only patients with a confirmed target condition can estimate sensitivity but not specificity. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.6 Composite clinical decision rules
Forty-three reports evaluated composite clinical decision rules and clinical prediction scores. The Ottawa Subarachnoid Haemorrhage Rule is the most extensively evaluated. In the derivation cohort of 1,999 neurologically intact adults with headache peaking within one hour, three candidate rules each achieved 100% sensitivity (95% CI 97.1–100.0) with specificities of 28.4% to 38.8% (Perry et al., 2010). In a subsequent multicentre cohort of 2,131 patients, a rule comprising age 40 years or older, neck pain or stiffness, witnessed loss of consciousness or onset during exertion achieved a sensitivity of 98.5% (95% CI 94.6–99.6) and specificity of 27.5%; adding thunderclap headache and limited neck flexion produced the Ottawa rule, with a sensitivity of 100% (95% CI 97.2–100.0) and specificity of 15.3% (Perry et al., 2013). Prospective validation in 1,153 patients, with the rule scored explicitly before investigation, reproduced a sensitivity of 100% (95% CI 94.6–100) with a specificity of 13.6% (Perry et al., 2017).
External validations have been broadly concordant on sensitivity and consistently disappointing on specificity. Sensitivity was 100% with specificity 22% in a UK cohort (Foley et al., 2021), 100% with specificity 37.0% in a Taiwanese cohort (Wu et al., 2020), 100% with specificity 7.6% in a US record review (Bellolio et al., 2015), and 100% among 56 Japanese patients with confirmed haemorrhage (Suzuki et al., 2021). Two validations found lower sensitivity: 94% in an Asian Chinese cohort of 500 patients with 50 haemorrhages, where adding vomiting and systolic blood pressure above 160 mmHg improved discrimination (Cheung et al., 2018), and 85.1% in a Turkish cohort, in which the EMERALD rule achieved 96.4% and the addition of an eosinophil count below 0.085 × 10⁹/L raised sensitivity to 100% with specificity 38.4% (Kaya et al., 2023).
Three practical constraints emerged. First, applicability is limited: in a statewide snapshot of 34 emergency departments, only 149 of 644 patients (23.1%, 95% CI 20.0–26.5) met the entry criteria for the Ottawa rule, and fewer than 5% of the whole cohort could have had haemorrhage excluded by the rule alone (Chu et al., 2018a). Second, the rule is condition-specific: applied to 913 ED headache patients it retained 100% sensitivity for subarachnoid and intracranial haemorrhage but fell to 75.0% sensitivity for non-haemorrhagic intracranial pathology (Wu et al., 2020). Third, implementation changes practice modestly: a multicentre before-and-after study of 3,672 patients found no change in CT use but a fall in lumbar puncture from 38.9% to 25.9% (P < 0.0001) and in admissions from 9.8% to 7.4% (P = 0.011) (Perry et al., 2020).
Rules developed for the broader decision of whether to perform cranial CT in non-traumatic patients behaved similarly, with high sensitivity and low specificity, and validated inconsistently across settings. The Emergency CT Head Score reached an area under the curve of 0.894 in a French multicentre validation of 600 patients (Seingier et al., 2026) but only 0.498, with a sensitivity of 83.3% at the proposed threshold, in an Australian prospective cohort of 412 patients (Nguyen et al., 2022). Table 7 presents the composite rules with their reported operating characteristics.
Table 7. Composite clinical decision rules and prediction scores
	Study
	Country
	Participants
	Rule evaluated
	Results as reported

	Perry et al. (2010)
	Canada
	1999
	Three derived clinical decision rules
	SAH 130/1999. Three rules each had sensitivity 100% (95% CI 97.1-100.0) with specificities 28.4% to 38.8%. Use of any rule would have reduced investigation rates from 82.9%

	Perry et al. (2013)
	Canada
	2131
	Three previously derived decision rules; refined Ottawa SAH Rule
	SAH 132/2131 (6.2%). Rule of age >=40 y, neck pain or stiffness, witnessed loss of consciousness or onset during exertion: sensitivity 98.5% (94.6-99.6), specificity 27.5% (25.6-29.5). Adding thunderclap headache and limited neck flexion (Ottawa SAH Rule): sensitivity 100% (97.2-100), specificity 15.3%

	Perry et al. (2017)
	Canada
	1153 enrolled (66.2% of 1743 eligible)
	Ottawa SAH Rule scored before investigation
	67 SAH. Ottawa SAH Rule sensitivity 100% (95% CI 94.6-100), specificity 13.6% (13.1-15.8)

	Foley et al. (2021)
	United Kingdom
	366
	Ottawa SAH rule; Emerald SAH rule
	SAH 16/366. Ottawa rule: sensitivity 100% (95% CI 71-100), specificity 22% (18-27), 288 patients identified as requiring CT. Emerald rule: sensitivity 81% (54-96), specificity 27% (23-32)

	Wu et al. (2020)
	Taiwan
	913
	Ottawa SAH rule
	SAH 15/913. Ottawa rule for SAH: sensitivity 100% (78.2-100), specificity 37.0% (33.8-40.2). For SAH or intracranial haemorrhage (22 cases): sensitivity 100% (84.6-100), specificity 37.3% (34.1-40.5). For non-haemorrhagic intracranial pathology: sensitivity 75.0% (53.3-90.2), NPV 98.2% (96.1-99.3)

	Bellolio et al. (2015)
	United States
	5034 visits reviewed; rule applied to 454
	Ottawa SAH rule
	SAH 9/454 (2.0%, 95% CI 1.0-3.9). Sensitivity 100% (62.9-100), specificity 7.6% (5.4-10.6), PPV 2.1% (1.0-...)

	Suzuki et al. (2021)
	Japan
	280 SAH; 56 analysed for Ottawa rule; 126 for Ottawa-like rule
	Ottawa SAH rule; Japanese Ottawa-like rule
	Ottawa SAH rule sensitivity 56/56 = 100% (95% CI 93.6-100). Ottawa-like rule sensitivity 125/126 = 99.2% (95.7-100); false-negative rate up to 4%

	Cheung et al. (2018)
	Hong Kong
	500
	Ottawa SAH rule and modified rule adding vomiting and systolic BP >160 mmHg
	SAH 50/500 (10%). Ottawa SAH rule sensitivity 94%, specificity 32.9%. Adding vomiting and systolic BP >160 mmHg improved sensitivity and model discrimination (net reclassification and integrated discrimination improvement)

	Kaya et al. (2023)
	Türkiye
	867
	Ottawa SAH rule; EMERALD SAH rule; EMERALD plus eosinophil count
	SAH 141/867. Ottawa rule: sensitivity 85.1%, specificity 47.1%, PPV 23.8%, NPV 94.2%. EMERALD rule: sensitivity 96.4%, specificity 43.2%, PPV 24.8%, NPV 98.4%. EMERALD plus eosinophil (<0.085 x10^3/uL): sensitivity 100%, specificity 38.4%, PPV 24%, NPV 100%

	Chu et al. (2018a)
	Australia
	644 (76% of eligible)
	Ottawa SAH rule entry criteria
	149/644 (23.1%, 95% CI 20.0-26.5) fulfilled entry criteria; of these 30 (<5% overall) had no high-risk variable. Among those fulfilling entry criteria with >=1 high-risk feature, 46% received CT brain. No SAH was missed

	Perry et al. (2020)
	Canada
	3672 (1743 before, 1929 after)
	Ottawa SAH rule and 6-hour CT rule implementation
	188 SAH. CT use unchanged (88.0% vs 87.5%, P=0.643); LP use fell (38.9% vs 25.9%, P<0.0001); additional testing after CT fell (51.3% vs 42.2%, P<0.0001); admissions fell (9.8% vs 7.4%, P=0.011)

	Kimura et al. (2016)
	Japan
	1781 eligible; 1561 enrolled; 1317 with blood samples
	Ottawa-like rule; new rule using objectively measurable predictors
	277/1561 with SAH. Ottawa-like rule (age >=40 y, neck pain or stiffness, altered consciousness, onset during exertion) sensitivity 100%. New rule based on systolic BP >150 mmHg, diastolic BP >90 mmHg, blood sugar >115 mg/dL or serum potassium <3.9 mEq/L

	Kelly et al. (2014)
	Australia
	59 confirmed SAH
	Three proposed SAH clinical decision rules
	Sensitivity CDR1 96.6% (88.5-99.1); CDR2 100% (93.9-100); CDR3 89.8% (79.5-95.3). Adding vomiting raised CDR1 and CDR3 sensitivity to 100%

	Mark et al. (2013)
	United States
	55 cases with matched controls
	Clinical rule (age >=40 y, neck pain or stiffness, loss of consciousness, onset during exertion) and imaging…
	55 cases, 34 (62%) attributed to cerebral aneurysms. Clinical rule sensitivity 97.1% (88.6-99.7), specificity 22.7% (16.6-29.8), negative LR 0.13 (0.03-0.61)

	Mark et al. (2015a)
	United States
	155
	Early cranial CT (<6 h) and SAH clinical decision rule
	Sensitivity of early cranial CT 95.5% (90.9-98.2); sensitivity of the clinical decision rule 95.5% (90.9-98.2). False negatives were mutually independent, so combined use gave sensitivity 100% (97.6-100)

	Pathan et al. (2018)
	United Kingdom
	737 visits reviewed; 649 potentially eligible
	Ottawa SAH rule
	External validation of the Ottawa SAH rule in a UK NHS setting compared with current practice; detailed accuracy estimates not fully available in the accessed abstract

	Matloob et al. (2013)
	United Kingdom
	112
	Canadian SAH clinical decision rules applied retrospectively
	41/112 (36.6%) underwent unenhanced CT; SAH in 4 (3.6%). Nine had LP, none with xanthochromia. No incompletely investigated patient was readmitted to the regional neurosurgical centre within 6 months

	Seingier et al. (2026)
	France
	600
	Emergency CT Head Score (ECHS)
	Abnormal CT in 86/600 (14.3%); ECHS area under the curve 0.894

	Nguyen et al. (2022)
	Australia
	412
	Emergency CT Head Score (ECHS)
	10.2% of CTs were positive. ECHS area under ROC curve 0.498; ECHS >0 as a threshold had sensitivity of only 83.3%. Only male sex and focal motor deficit were independent univariate predictors

	Covino et al. (2019)
	Italy
	1156 derivation; 508 prospective validation
	Derived clinical score for positive cranial CT
	Positivity 15.2% (derivation) and 11.3% (validation). Independent predictors: persistent neurological deficit, new-onset acute headache, seizures and/or altered consciousness, transient neurological disorders. Validation AUC 0.787 (0.748-0.822); score 0 sensitivity 100.0 (93.7-100); avoiding CT at score 0 would have saved 82/508 (16.2%) scans

	Scott-King et al. (2019)
	Australia
	5296 derivation; 5098 validation
	Derived clinical decision rule and four pre-existing rules
	Clinically significant findings 345/5296 (6.5%) derivation and 338/5098 (6.6%) validation. Risk factors: focal deficit aOR 3.4 (2.6-4.4), GCS<15 aOR 3.5 (2.6-4.6), malignancy aOR 3.2 (2.4-4.2), nausea/vomiting aOR 1.6 (1.1-2.1), headache aOR 1.1 (0.9-1.5), coagulopathy aOR 9.2 (2.1-41.5)

	Tantarattanapong & Chalongkulasak (2019)
	Thailand
	Not reported in accessed abstract
	Derived clinical prediction score
	Predictive factors and a derived clinical prediction score were reported; numerical accuracy estimates not available in the accessed abstract

	Asha et al. (2024)
	Australia
	912
	Derived clinical decision rule (no prothrombotic risk factor, age <54 y, no confusion) and a version…
	CVST 45/912. Clinical rule: sensitivity 95.6% (84.9-99.5), specificity 40.9% (37.6-44.2), NPV 99.4% (97.9-99.9), PPV 7.7% (7.1-8.3); 39.5% classified as ruled out. Rule incorporating non-contrast CT: sensitivity 100.0%

	Cho et al. (2021)
	South Korea
	72 derivation; 253 validation
	RCVS-TCH score (recurrent thunderclap headaches, female sex, triggering factor, blood pressure surge)
	Derivation C-index 0.929 (0.874-0.984); score >=7 sensitivity 80%, specificity 97%. Validation C-index 0.861 (0.815-0.908)

	Heldner et al. (2020)
	Switzerland
	359
	Six-variable clinical probability score and D-dimer
	CVT in 94/359 (26.2%). Score AUC 0.889. Low probability (0-2 points, n=186, 51.8%): CVT in 11 (5.9%), NPV 94.1%. Moderate (3-5): 34/120 (28.3%); high (6-12): 49/53 (92.5%). All low-probability patients with CVT had D-dimer >500 ug/L

	Žužek et al. (2019)
	Slovenia
	486 first referrals (490 analysed for imaging)
	Clinical criteria for head imaging referral (age >55 y, focal deficit, changed mental state, nausea or…
	Pathological imaging in 153/490 (31%). Criteria sensitivity 95%; NPV 94% (intracranial pathology in 7/125 not fulfilling criteria)


Note. Sensitivity and specificity are reproduced as published. Studies enrolling only patients with a confirmed target condition provide sensitivity estimates alone. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
The remaining reports in this domain (Backes et al., 2015; Bent et al., 2015; Bianchi et al., 2021; Cooper et al., 2016; Jamshidi et al., 2011; Lee et al., 2018; Mejía-Herrera et al., 2025; MNoor et al., 2022; Munoz-Ceron et al., 2019; Plasencia-Martínez et al., 2024; Simwatachela et al., 2021) describe derivation or validation of further rules and scores, none of which has yet accumulated the volume of independent external validation available for the Ottawa rule.
3.7 Non-contrast computed tomography for subarachnoid haemorrhage
Ten reports addressed the sensitivity of non-contrast CT for subarachnoid haemorrhage, and they converge on a single, decision-relevant conclusion: the accuracy of the test is a function of the interval between headache onset and the scan. In the largest prospective evaluation, a multicentre Canadian cohort of 3,132 neurologically intact adults with headache peaking within one hour, overall CT sensitivity was 92.9% (95% CI 89.0–95.5) with specificity 100% (95% CI 99.9–100), but among the 953 patients scanned within six hours of onset all 121 haemorrhages were identified, giving a sensitivity of 100% (95% CI 97.0–100) (Perry et al., 2011). A prospective multicentre United Kingdom cohort of 3,663 patients with independent adjudication and 28-day follow-up reproduced the pattern with more conservative point estimates: for the 772 patients scanned within six hours, sensitivity was 97.0% (95% CI 92.5–99.2), negative predictive value 99.6% (95% CI 98.9–99.9), the negative likelihood ratio 0.03 (95% CI 0.01–0.08) and the post-test probability after a negative scan 0.5% (95% CI 0.2–1.3) (Trainee Emergency Research Network, 2024).
Studies that stratified explicitly by time reported the fall beyond the six-hour window. In a Dutch consecutive series of 250 patients with preserved consciousness, sensitivity was 98.5% (95% CI 92.1–100) at six hours or less and 90.0% (95% CI 76.3–97.2) beyond six hours (Backes et al., 2012), and a Finnish cohort found no missed haemorrhage among 280 patients scanned within 24 hours, against five haemorrhages among 259 scanned later (Tulla et al., 2019). Case-based series of patients with confirmed haemorrhage give concordant unstratified sensitivities of 93% (Byyny et al., 2008), 93.8% (Stewart et al., 2014), 95.7% for all haemorrhage subtypes and 97.3% for aneurysmal haemorrhage (Vincent et al., 2022) and 97.8% (Gee et al., 2012).
Two qualifications matter at the bedside. The first is that these operating characteristics presume competent interpretation of a modern scanner. In a retrospective review of 452 aneurysmal haemorrhages, 18 (4%) were CT-negative, of which seven (39%) had been scanned within six hours, and only two of the 18 had been reported initially by a neuroradiologist (Mark et al., 2016); in a Dutch cohort of patients with positive CSF findings, haemorrhage had been missed on the initial scan in 25 of 111 (23%), although expert re-review confirmed a genuinely negative scan in 12 of the 21 who presented within six hours (van den Berg et al., 2022). Where interpretation was by general staff radiologists in non-academic hospitals, however, the negative predictive value of a scan performed within six hours was still 99.9% (95% CI 99.3–100.0) (Blok et al., 2015). The second qualification is that a normal CT excludes haemorrhage, not disease: in a prospective feasibility study with two blinded readers, unenhanced CT identified intracranial pathology in 15% of scanned patients, and no additional causative finding was identified on contrast-enhanced imaging among those whose unenhanced scan was normal (Rizk et al., 2013). Table 8 sets out the reports of non-contrast CT sensitivity.
Table 8. Sensitivity of non-contrast computed tomography for subarachnoid haemorrhage
	Study
	Country
	Design
	Participants
	Index test
	Results as reported

	Trainee Emergency Research Network (2024), SHED
	United…
	Prospective multicentre…
	3663 enrolled;…
	Non-contrast CT brain, stratified by…
	SAH prevalence 6.5% (237/3663). CT <6 h (n=772): sensitivity 97.0% (95% CI 92.5-99.2), NPV 99.6% (98.9-99.9), post-test probability after negative CT 0.5% (0.2-1.3), negative LR 0.03 (0.01-0.08)

	Vincent et al. (2022)
	New Zealand
	Retrospective cohort…
	347 SAH (260…
	Modern multislice CT at incremental time…
	MSCT identified 253/260 (97.3%) aneurysmal SAH and 332/347 (95.7%) of all SAH. Sensitivity at 24 h 100% (98.3-100) for aneurysmal SAH; at 48 h 99.6% (97.6-100) aneurysmal and 99.0% (97.1-99.8) all SAH

	Mark et al. (2016)
	United States
	Retrospective chart…
	452 aneurysmal…
	Radiologist interpretation of…
	18/452 (4%) were CT-negative aSAH; 7/18 (39%) had CT within 6 h of onset; 2/18 (11%) initially reported by neuroradiologists. Blinded re-review identified missed CT evidence in a proportion of reportedly normal scans

	Blok et al. (2015)
	Netherlands
	Retrospective…
	760
	Non-contrast CT <6 h read by staff…
	CSF positive for bilirubin in 52/760 (7%); independent review identified 1/52 (2%) perimesencephalic non-aneurysmal SAH. NPV of staff radiologist CT reading 99.9% (95% CI 99.3-100.0)

	Stewart et al. (2014)
	United…
	Retrospective cohort
	244
	Non-contrast CT
	CT sensitivity overall 93.8% (95% CI 84-98); 95% (82-99) within 12 h of ictus

	Rizk et al. (2013)
	France
	Prospective feasibility…
	105 referred;…
	Unenhanced CT alone (two blinded…
	59/74 (80%) normal, 4 (5%) benign finding, 11 (15%) evidence of intracranial pathology. No additional causative finding on contrast-enhanced imaging among group 1 (normal unenhanced CT)

	Backes et al. (2012)
	Netherlands
	Retrospective…
	250 (137 <=6 h;…
	Head CT interpreted by experienced…
	Sensitivity <=6 h 98.5% (92.1-100); >6 h 90.0% (76.3-97.2). After excluding atypical presentations without headache, sensitivity, specificity, NPV and PPV of CT <=6 h all 100%

	Gee et al. (2012)
	United States
	Retrospective cohort…
	134
	16-slice or better non-contrast CT
	Sensitivity 131/134 = 97.8% (95% CI 93.1-99.4). No patient with negative CT had a lesion requiring intervention

	Perry et al. (2011)
	Canada
	Prospective multicentre…
	3132
	Third-generation non-contrast CT,…
	SAH 240/3132 (7.7%). Overall CT sensitivity 92.9% (89.0-95.5), specificity 100% (99.9-100), NPV 99.4% (99.1-99.6). Within 6 h (n=953): 121/121 identified; sensitivity 100% (97.0-100), specificity 100% (99.5-100)

	Byyny et al. (2008)
	United States
	Retrospective review
	149
	Non-contrast cranial CT
	139/149 diagnosed by CT, 10 by LP; overall CT sensitivity 93% (95% CI 88%-97%)


Note. Sensitivity estimates from cohorts restricted to patients with confirmed subarachnoid haemorrhage cannot be accompanied by specificity. Time strata are reported as defined by the original authors. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.8 Lumbar puncture and cerebrospinal fluid analysis
Forty-one reports addressed lumbar puncture and CSF analysis after a non-diagnostic CT, making this the second largest domain in the review and the one in which the tension between sensitivity and net benefit is sharpest. The incremental diagnostic yield is consistently low. In an observational cohort of 302 adults undergoing lumbar puncture after a normal CT, haemorrhage was identified in two (0.66%), giving a number needed to diagnose of 151 against 18 procedure-related complications (5.96%) and a number needed to harm of 17 (P < 0.01) (Migdal et al., 2015). A multicentre, hypothesis-blinded chart review of 342 eligible patients found 1% deemed positive, none of whom had a demonstrable aneurysm or vascular malformation, with complications in 4% (Gill et al., 2018). In a multicentre series of 1,898 analysable specimens, 92 (4.8%) were positive but only eight (0.4% of the total) had an aneurysm (Sayer et al., 2015), and a four-year service evaluation of 677 specimens identified a single treated aneurysmal haemorrhage (0.1%) (Voase et al., 2025). Older and smaller series report the same order of magnitude, with one aneurysmal haemorrhage among 189 CT-negative patients (0.5%, 95% CI 0–2.9) (Foot & Staib, 2001) and no confirmed haemorrhage among 74 patients who underwent lumbar puncture after a CT within six hours (Valle Alonso et al., 2018).
Against that stands the strongest argument for retaining the test. In a pragmatic multicentre audit of 10,187 patients with spontaneous subarachnoid haemorrhage across the United Kingdom and Ireland, 9,357 were diagnosed by CT and 717 by lumbar puncture, so that 7% of all confirmed haemorrhages were identified only after a non-diagnostic scan, including 213 (3%) aneurysmal haemorrhages; 55 aneurysmal haemorrhages (1%) followed a negative CT performed within six hours of ictus (Thompson et al., 2025). The low yield in individual departments and the substantial absolute number of missed haemorrhages at scale are both true, and the difference between them is the size of the denominator.
Where lumbar puncture is performed, the CSF interpretation rules are better supported than the decision to perform it. In a substudy of 1,739 alert adults, a red cell count below 2,000 × 10⁶/L in the final tube combined with absent xanthochromia excluded aneurysmal haemorrhage with a sensitivity of 100% (95% CI 74.7–100) and a specificity of 91.2% (95% CI 88.6–93.3) (Perry et al., 2015); in an independent validation series of 64 patients with aneurysmal haemorrhage, a threshold of more than 2,000 × 10⁶/L alone gave a sensitivity of 96.9% (95% CI 89.3–99.1), rising to 100% (95% CI 94.3–100) when visible xanthochromia was added (Mark et al., 2015b). A retrospective comparative study with time-decay adjustment reported an optimal adjusted red cell cut-point above 3,667/µL on day one, with sensitivity 97% and specificity 94%, and found that no patient with haemorrhage had both a low red cell count and a clear supernatant (Zinganell et al., 2023). Serial red cell clearing between tubes does not discriminate: clearing of at least 25% occurred in 2 of 8 patients with an aneurysm and 3 of 14 without (Heasley et al., 2005).
The choice between visual inspection and spectrophotometry is a trade of sensitivity against specificity, and the direction of the trade determines how many patients proceed to angiography. Visual inspection alone was insensitive, with sensitivities of 47.3% (95% CI 24.4–71.1) (Arora et al., 2010) and 50% (95% CI 12.4–82.6) (Hann et al., 2015), the latter rising to 100% (95% CI 54.1–100) when spectrophotometry was added. Spectrophotometry is correspondingly sensitive but generates false positives: sensitivity was 100% with specificity 99% in a registry-linked Scottish series in which 17 of 26 positive results (65%) were false positives (Rankin et al., 2022), 100% with specificity 98.1% and positive predictive value 65.9% in an eight-year Australian audit (Sam & Schneider, 2025), and 100% with specificity 98.5% but positive predictive value 16.7% in a Danish series restricted to patients with a negative CT within six hours (Wulff et al., 2020). A direct comparison found the specificity of xanthochromia to be 97% (95% CI 92–99) by visual inspection but as low as 29% (95% CI 23–35) under two spectrophotometric definitions, with the potential to send between 11% and 71% of patients undergoing lumbar puncture to angiography (Perry et al., 2006). Consistent with this, only 10 of 56 patients with elevated CSF bilirubin had a vascular cause (McCarron et al., 2015), and only 9 of 47 patients with raised bilirubin by one interpretation method had an aneurysm (Alons et al., 2013). Adding a red cell count threshold below 1,000 × 10⁶/L reduced false positives by 38% and inconclusive results by 85% (Rankin et al., 2022).
Two further findings bear on disposition. Where the whole sequence was completed, it was reassuring: no subsequent haemorrhage or new vascular lesion occurred in 181 patients with CSF red cells, a normal CT and negative cerebrovascular imaging over a median 53 months (Thomas et al., 2014), and all 61 haemorrhages in a prospective cohort of 592 patients were identified by the initial CT or lumbar puncture (Perry et al., 2008). Conversely, among patients who were CT-negative and CSF-positive, a vascular abnormality was found in 40 of 94 (43%) (Bakker et al., 2014) and an aneurysm in 16 of 35 (45.7%) (Chalouhi et al., 2013), so a positive CSF result in this setting is not a benign finding. Table 9 presents the principal reports; the remainder of the domain (Boesiger & Shiber, 2005; Brunell et al., 2013; China et al., 2021; Czuczman et al., 2013; Dupont et al., 2008; Gangloff et al., 2015; Goyale et al., 2016; Kim et al., 2017; Larsson et al., 2020; Marshall & Hejamanowski, 2011; Mòdol et al., 2002; O'Neill et al., 2005; Rana et al., 2013; Reeve et al., 2016; Sjulstad et al., 2025) comprises laboratory method evaluations, urine reagent-strip screening studies, alternative-diagnosis yield studies and smaller case series whose findings are consistent with the estimates above.
Table 9. Lumbar puncture and cerebrospinal fluid analysis after non-diagnostic computed tomography
	Study
	Country
	Participants
	Index test
	Results as reported

	Thompson et al. (2025)
	United…
	10187 spontaneous…
	Lumbar puncture after non-diagnostic CT
	9357 diagnosed by CT and 717 by LP; 7% of confirmed SAH were diagnosed by LP after non-diagnostic CT, yielding 213 (3%) aneurysmal SAH. 55 (1%) aneurysmal SAH had a negative CT within 6 h of ictus and a positive LP

	Voase et al. (2025)
	United…
	677 CSF samples
	CSF bilirubin analysis
	619 (91.5%) negative, 48 (7%) indeterminate, 10 (1.5%) positive. One patient (0.1%) diagnosed with aneurysmal SAH and treated

	Sam & Schneider (2025)
	Australia
	543 cases
	CSF xanthochromia by revised UK-NEQAS method
	SAH in 19/543 (3.5%). Sensitivity 100%, specificity 98.1%, PPV 65.9%, NPV 100% (equivocal counted as positive). In 280 with LP >24 h after onset: sensitivity 100%, specificity 97.4%, NPV 100%, PPV 66.6%; 183 (65.4%) xanthochromia-negative cases with follow-up survived without SAH at 12 months

	Wulff et al. (2020)
	Denmark
	489 samples; 411…
	CSF spectrophotometry for xanthochromia
	For patients with negative CT within 6 h of onset, spectrophotometry sensitivity 100%, specificity 98.5%, PPV 16.7%, NPV 100%. One SAH patient had a negative and another an equivocal spectrophotometry report; initial CT failed to identify SAH in 4 patients

	Zinganell et al. (2023)
	Austria
	Not reported in…
	CSF red cell count, white cell count, total protein,…
	Predictors of SAH: bloody CSF OR 32.6; xanthochromic supernatant OR 15.5; adjusted white cell count OR 4.5 per 100/uL. Optimal adjusted red cell cut-point >3667/uL at day 1: sensitivity 97%, specificity 94%. Low red cell count plus clear supernatant occurred in no SAH patient

	Rankin et al. (2022)
	United…
	1761 xanthochromia…
	CSF xanthochromia, with and without red cell count
	26 (1.5%) positive, 1624 (92%) negative, 72 (4.1%) inconclusive. Of 26 positives, 9 (35%) had confirmed SAH and 17 (65%) were false positives; no false negatives. Xanthochromia identified 6% of all SAH. Sensitivity 100%, specificity 99%. Adding red cell count <1000 reduced false positives by 38% and inconclusive tests by 85%

	Pouryahya et al. (2020)
	Australia
	4407
	Lumbar puncture after negative non-contrast CT
	397/4407 (9%) diagnosed with SAH on CT; 388 underwent LP. 2613 discharged without LP remained well at 6 months (230 lost to follow-up). One true-positive LP result reported

	Gill et al. (2018)
	United States
	1282 LPs; 342 met…
	Lumbar puncture after negative CT
	1% deemed positive for SAH; no aneurysm or vascular malformation identified in those with positive LP. Complications 4%; xanthochromia 13%. Mean length of stay 7.8 h (95% CI 7.5-8.2)

	Valle Alonso et al. (2018)
	United…
	85
	CT within 6 h followed by LP if CT normal
	SAH identified by CT in 10/85 (10.2%). 74 LPs after negative CT: 1 positive, 2 inconclusive, all excluded on subsequent imaging; no confirmed SAH among the 74 and none during follow-up

	Sayer et al. (2015)
	United…
	2248
	Lumbar puncture with CSF biochemical analysis
	1898 LPs suitable for analysis: 92 (4.8%) positive, 1507 (79.4%) negative, 299 (15.6%) inconclusive. Of 92 positives, 8 (0.4% of total) had aneurysms and 1 a carotid-cavernous fistula

	Migdal et al. (2015)
	United States
	302
	Lumbar puncture
	SAH diagnosed by LP in 2/302 (0.66%); number needed to diagnose 151. LP-related complications in 18 (5.96%); number needed to harm 17 (P<0.01)

	Mark et al. (2015b)
	United States
	64
	CSF red cell count >2000 x10^6/L and visible xanthochromia
	Median CSF red cell count 63250 x10^6/L; 49/58 (84%) exhibited xanthochromia. Sensitivity of RBC >2000 x10^6/L 96.9% (89.3-99.1); adding xanthochromia gave sensitivity 100% (94.3-100)

	Perry et al. (2015)
	Canada
	1739
	CSF red cell count and xanthochromia
	641/1739 (36.9%) had abnormal CSF; 15 (0.9%) had aneurysmal SAH on LP. Red cells <2000 x10^6/L plus no xanthochromia: sensitivity 100% (74.7-100), specificity 91.2% (88.6-93.3)

	Hann et al. (2015)
	Australia
	409
	CSF visual inspection alone versus visual inspection plus…
	Cerebral aneurysm in 6/409 (1.5%). Visual inspection: sensitivity 50% (12.4-82.6), specificity 99% (97.5-99.7), PPV 42.9% (10.4-81.3), NPV 99.2% (97.8-99.8). Combined approach: sensitivity 100% (54.1-100)

	Thomas et al. (2014)
	United States
	4641 billed for…
	Lumbar puncture with red cells plus negative…
	0/181 (0%, 95% CI 0-2.0) had subsequent SAH or new vascular lesion over median follow-up of 53 months

	Bakker et al. (2014)
	Netherlands
	94
	CT angiography and digital subtraction angiography
	Vascular abnormality in 40/94 (43%): 37 aneurysms and 3 arterial dissections. Female sex associated with detection of a vascular lesion. Yield of additional digital subtraction angiography after negative CT angiography was zero. 99% had modified Rankin Score 0-2

	Chalouhi et al. (2013)
	United States
	35
	Cerebral angiography
	Aneurysm in 16/35 (45.7%); CSF xanthochromia in 26 (74.3%). No clinical or laboratory parameter predicted aneurysm on multivariable analysis

	Arora et al. (2010)
	United States
	1323 SAH; 102 with…
	CSF visual inspection for xanthochromia
	9/19 xanthochromic and 10/19 colourless CSF; sensitivity of visual inspection 47.3% (95% CI 24.4-71.1)

	Perry et al. (2008)
	Canada
	592
	Combined negative CT and negative LP
	61/592 with SAH; all identified on initial CT or LP. One patient without SAH was later diagnosed with a cerebral aneurysm requiring surgery

	Perry et al. (2006)
	Canada
	220
	CSF spectrophotometry versus visual inspection for…
	2 SAH identified. Specificity of xanthochromia 97% (92-99) for visual inspection but as low as 29% (23-35) for two spectrophotometric definitions. Spectrophotometry could lead to angiography in 11-71% of patients undergoing LP

	Heasley et al. (2005)
	United States
	123 undergoing…
	CSF red cell clearing (>=25% reduction between tubes 1 and…
	Of 22 CT-negative patients, 8 had aneurysm and 14 did not. CSF clearing occurred in 2/8 (25%) with aneurysm and 3/14 (21%) without, so clearing did not exclude aneurysm

	Foot & Staib (2001)
	Australia
	196
	CSF red cell count and xanthochromic index
	1/189 (0.5%, 95% CI 0-2.9) with negative CT had aneurysmal SAH; 3 further patients had benign SAH. 91 patients were classified lowest risk and discharged


Note. Yield studies and accuracy studies are not directly comparable: the former estimate the proportion of tested patients in whom a target condition is found, the latter the ability of a cerebrospinal fluid parameter to discriminate once the test has been performed. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.9 Diagnostic yield of cranial computed tomography and imaging selection criteria
Eighteen reports examined how often cranial CT changes management in ED headache populations and whether selection criteria can reduce imaging safely. The dominant finding is the gap between abnormal and actionable. In a review of 882 patients with headache and a non-focal examination, CT was positive in 281 (31.8%) but clinically significant in only nine (1.02%), with an incremental cost of US$50,078 (2006 values) per clinically significant case detected (Jordan et al., 2009). Among 422 consecutive patients scanned for headache with a documented normal neurological examination, only seven scans (1.6%) showed a finding requiring an immediate change in management, most abnormalities being sinusitis or chronic ischaemic change (Goldstein et al., 2018). A Canadian cohort of 865 requisitions found clinically significant findings in 2.2% against clinically insignificant findings in 27.1% (Quon et al., 2015), and among 4,908 ED headache presentations in which 23.7% were advised to undergo CT, only 32 patients (0.65%) had a condition capable of causing secondary headache (Buzluk et al., 2025). Comparative data across referral indications place headache low in the ranking: acute findings were present in 12% of scans requested for headache, against 27% for seizure and 20% for confusion (Nesselroth et al., 2021).
Utilisation is nonetheless high and rising. In a secondary analysis of a multinational cross-sectional study of 5,281 adults, mean CT utilisation was 38.5% (95% CI 30.4–47.4), ranging from 28.9% to 46.0% between countries (Chu et al., 2023); a Dutch review found CT performed in 61% of headache presentations, yielding a diagnosis of underlying pathology in one of every 7.6 patients scanned (Lemmens et al., 2021); and in a national United States survey, imaging rose from 12.5% to 31.0% (P < 0.01) while the prevalence of significant intracranial pathology among those imaged fell from 10.1% to 3.5% (P < 0.05) (Gilbert et al., 2012).
Selection criteria improve efficiency modestly rather than transforming it, and they perform best when they are simple. Retrospective application of four criteria — age 60 years or older, new focal deficit, headache with vomiting and altered mental status — achieved a sensitivity of 97.1% (34 of 35) overall and 100% (10 of 10) in a nested subgroup, with a potential reduction in scanning of 22.8% (Tung et al., 2014). Counts of red-flag features behave in the expected direction: more than two SNOOP4 features were associated with both increased CT use (OR 13.5, 95% CI 3.12–58.34) and increased odds of an abnormal scan (OR 5.75, 95% CI 2.03–16.27) (Nagel et al., 2026), and abnormal imaging was associated with headache onset within one month (OR 3.37, 95% CI 1.47–7.70) and an abnormal neurological sign (OR 3.60, 95% CI 1.89–6.83) (Alanazy et al., 2023). Two specific populations warrant separate mention. Among patients with an established migraine diagnosis presenting with the worst headache of their life and no known intracranial pathology, cancer, immunosuppression or recent trauma, there were no findings requiring intervention and no haemorrhage (Sahraian et al., 2019); and among patients whose headache had resolved by presentation, none had haemorrhage on imaging or within three months, although 7.3% had other significant intracranial pathology (Hammond & Ranta, 2017). In pregnancy the position is different, with a symptomatic pathological imaging finding in 27.6% of those imaged (Raffaelli et al., 2018) and an underlying aetiology in 27% of those emergently imaged, the odds of pathology being 2.7 times higher with an abnormal examination (Ramchandren et al., 2007). Table 10 summarises this domain.
Table 10. Diagnostic yield of cranial computed tomography and criteria for imaging selection
	Study
	Country
	Participants
	Index test or selection criterion
	Results as reported

	Nagel et al. (2026)
	Australia
	223
	SNOOP4 red-flag features and examination findings
	124/223 (55.6%) underwent CT with abnormal findings in 19/124 (15.3%). Photophobia was negatively associated with CT ordering (OR 0.41, 0.22-0.79); abnormal peripheral sensation (OR 13.04, 1.69-100.59) and strength (OR 3.62, 1.00-13.09) increased CT use. >2 SNOOP4 features: higher odds of CT (OR 13.5, 3.12-58.34) and…

	Buzluk et al. (2025)
	Türkiye
	4908
	Accompanying symptoms and neuroimaging
	23.68% advised non-contrast CT; 32 individuals (0.65%) had underlying conditions capable of causing secondary headache, of whom 27 (84.37%) had no additional symptoms (p=0.0001). 99.61% were discharged

	Alanazy et al. (2023)
	Saudi Arabia
	329
	Clinical characteristics
	Abnormal neuroimaging in 31.9%. Secondary headache disorders 48.9%, primary 16.4%, non-specific 35%. Associated with abnormal imaging: headache onset <=1 month (OR 3.37, 1.47-7.70, p=0.004) and abnormal neurological sign (OR 3.60, 1.89-6.83, p<0.001)

	Chu et al. (2023)
	Multinationa…
	5281
	CT brain utilisation
	Mean CT utilisation 38.5% (95% CI 30.4-47.4); highest in Europe (46.0%) and lowest in Türkiye (28.9%). Median age 40 (IQR 29-55) years; 66% women

	Lee et al. (2023)
	South Korea
	914 (435 with CT)
	Non-enhanced brain CT
	2/435 had abnormal brain CT (glioblastoma and Rathke's pouch cyst) at 35 and 32 days after vaccination. Focal neurological deficits were present in all cases with CT abnormalities

	Iskorur et al. (2022)
	Türkiye
	837 with headache; 157…
	Antiplatelet or anticoagulant use
	Of 29 (18.4%) patients using antiplatelets or anticoagulants, 16 (55.2%) were CT positive; significant difference versus CT-negative group (P<0.001)

	Nguyen et al. (2022)
	Australia
	412
	Emergency CT Head Score (ECHS)
	10.2% of CTs were positive. ECHS area under ROC curve 0.498; ECHS >0 as a threshold had sensitivity of only 83.3%. Only male sex and focal motor deficit were independent univariate predictors

	Lemmens et al. (2021)
	Netherlands
	501
	Clinical factors
	CT performed in 61%, leading to a diagnosis of underlying pathology in 1 in 7.6 patients. Factors associated with abnormal CT: age >=50 y, presentation within 1 h of onset, history of aphasia, focal neurological deficit

	Nesselroth et al. (2021)
	Israel
	1536
	Referral indication and age
	Acute findings in 239/1536 (15.5%), increasing with age (p=0.027). Commonest acute findings: haemorrhage 32.6%, infarct 27.6%, mass 23%. Positive acute findings by indication: seizure 27%, confusion 20%, syncope 19%, focal deficit 16%, head injury 15%, headache 12%, dizziness 8%

	Sahraian et al. (2019)
	United States
	224 (main study group…
	Non-contrast head CT
	In the main group (no known intracranial pathology, cancer, immunocompromise or recent trauma): no grade 4 findings (0%), one false-positive grade 3 finding (0.8%), no SAH (0%). In the comparison group: 6 (6.5%) grade 4 and 3 (3.3%) grade 3 findings

	Goldstein et al. (2018)
	Israel
	422
	Head CT
	43.4% of scans were normal; most abnormal findings were sinusitis (148, 35%) or ischaemic changes. 7 scans (1.6%) showed clinically significant findings requiring immediate management change

	Raffaelli et al. (2018)
	Germany
	151
	Anamnestic and clinical features
	Imaging performed in 50.3%; symptomatic pathological findings in 27.6% of those imaged. First-trimester presentation (p=0.024), strong pain intensity, reduced level of consciousness and seizures were significantly associated with pathological findings

	Hammond & Ranta (2017)
	New Zealand
	531 referred; 177 with…
	Head CT
	No SAH on imaging or within 3 months among 177 transient-headache patients; 13/177 (7.3%) had other significant intracranial pathology. Focal neurology was the only significant risk factor (OR 3.1, 95% CI 1.2-11.0; P=0.044). All SAH cases in the period occurred in patients with persistent headache

	Quon et al. (2015)
	Canada
	865
	Non-contrast CT and follow-up tests (LP, CT angiography,…
	254 positive studies: clinically insignificant 235/865 (27.1%) and clinically significant 19/865 (2.2%). 257 follow-up examinations were performed

	Tung et al. (2014)
	Sweden
	346 (114 in nested…
	Rothrock selection criteria (age >=60 y, new focal…
	Prevalence of significant findings 10.1%. Rothrock criteria sensitivity 97.1% (34/35) overall and 100% (10/10) in the nested subgroup, with potential scan reduction of 22.8% and 11.4%

	Jordan et al. (2009)
	United States
	5510 records screened;…
	Non-contrast head CT
	Positive CT in 281/882 (31.8%) but clinically significant in only 9 (1.02%). Most positive studies were incidental. Incremental cost per clinically significant case detected was US$50,078 (2006 dollars)

	Ramchandren et al. (2007)
	United States
	63
	Demographic and clinical features
	Abnormal neurological examination in 43%. Emergent neuroimaging revealed an underlying headache aetiology in 27%, including cerebral venous thrombosis, reversible posterior leukoencephalopathy, pseudotumour and intracranial haemorrhage. Odds of intracranial pathology 2.7 times higher with abnormal examination

	Perry et al. (2002)
	Canada
	891
	CT and lumbar puncture utilisation
	SAH in 10/891 (1.1%); CT in 313 (35.1%) and LP in 85 (9.5%). Only 9 (2.9%) CTs and 2 (2.4%) LPs were positive for SAH. Of 296 with normal CT, 232 (78.4%) had no subsequent LP. Mean length of stay 4.0 h with no testing, 5.0 h with CT and 7.1 h with LP (p=0.001)


Note. Diagnostic yield is expressed as reported by the original authors; definitions of a clinically significant finding differ between studies and are not interchangeable. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.10 Computed tomographic angiography and magnetic resonance imaging
Eleven reports evaluated vascular and magnetic resonance imaging in patients whose non-contrast CT was normal or whose presentation suggested a vascular cause other than aneurysmal rupture. This is the point in the pathway at which the differential broadens beyond subarachnoid haemorrhage, and the yields are correspondingly higher than for repeat plain imaging. Among 512 neurologically intact patients with acute severe headache and a normal unenhanced CT, CT angiography demonstrated a vascular lesion in 34 (6.6%), predominantly small aneurysms with a mean maximal diameter of 3.9 mm (SD 2.6) (Han et al., 2013). In a smaller consecutive cohort of 70 patients with a normal examination, normal CT and normal CSF, a vascular abnormality was present in 13 (19%), comprising eight unruptured aneurysms, two cerebral venous thromboses, two cases of reversible cerebral vasoconstriction syndrome and one infarct (Alons et al., 2015). A multicentre cohort of 384 patients found abnormalities on CT angiography in 12 of the 190 with a normal non-contrast CT, including three cerebral venous thromboses and two cervical dissections; abnormal non-contrast CT, reduced consciousness and presentation within six hours were independently associated with an abnormal angiogram, and combining the three raised the C-statistic from 0.80 (95% CI 0.75–0.80) to 0.84 (95% CI 0.80–0.88) (Alons et al., 2018).
The interpretive difficulty is that a small unruptured aneurysm found after a negative CT and negative CSF examination is not necessarily the cause of the headache, and detection rates of 6.6% to 19% therefore translate into a substantial number of incidental findings requiring follow-up. Yield is higher when angiography is directed by a specific clinical hypothesis: cervical artery dissection was present in 6.1% of the 850 angiograms performed for suspected dissection compared with 1.5% of all 9,204 angiograms, with new headache (OR 2.5, 95% CI 1.2–5.7) and partial Horner syndrome (OR 14.4, 95% CI 4.2–49.9) predicting carotid dissection (Ebrahimzadeh et al., 2022), and CT angiography of the head and neck led to a change in acute management in 14.9% of 1,445 studies overall (Gaini et al., 2026).
Magnetic resonance imaging occupies a distinct place because it detects conditions that are invisible or ambiguous on CT. Emergency MRI identified significant headache-related findings in 136 of 696 outpatients (20%), against incidental findings in 22% (Happonen et al., 2023), and in patients scanned within one month of a negative head CT the overall diagnostic yield was 17.3% (28 of 162), rising to 24.7% among ED patients and 25.4% in the early-revisit subgroup, with 90% of those with a positive scan admitted for treatment (Kim et al., 2024). Table 11 presents the vascular and magnetic resonance imaging studies.
Table 11. Computed tomographic angiography and magnetic resonance imaging after a non-diagnostic non-contrast computed tomogram
	Study
	Country
	Participants
	Index test
	Results as reported

	Gaini et al. (2026)
	United States
	1445
	CT angiography of head and neck
	216/1445 (14.9%) resulted in acute management change; highest yield for stroke codes (21.2%) and vision changes (14.7%), lowest for dizziness (4.0%). Predictors for stroke codes: abnormal CT head OR 2.84, focal deficit OR 2.2, new versus recurring symptoms OR 2.39, maximal symptom severity at onset OR 3.95, tobacco use OR 2.02

	Kim et al. (2024)
	South Korea
	162
	Cranial MRI
	Overall MRI diagnostic yield 17.3% (28/162), false-referral rate 1.2%. Yield higher for ED (24.7%, 21/85) than outpatient clinics (9.1%, 7/77; p=0.02); highest in ED early-revisit group (25.4%), with systemic signs 45% and symptom change 46.7%. Of positive MRI, 90% received admission and treatment

	Happonen et al. (2023)
	Finland
	696
	Emergency MRI
	Significant headache-related findings in 136/696 (20%); incidental findings in 22%. Predisposing factors: age, smoking, nausea, signs or symptoms of infection; protective factors: numbness and migraine history. A predictive clinical score reached only moderate performance

	Ebrahimzadeh et al. (2022)
	United States
	9204 CTAs; 850 for suspected…
	CT angiography, with MR angiography/fat-saturated imaging…
	Cervical artery dissection in 1.5% (142/9204) of all CTAs and 6.1% (53/850) of those for suspected dissection. Predictors: new headache OR 2.5 (1.2-5.7) and partial Horner syndrome OR 14.4 (4.2-49.9) for carotid dissection; cervical fracture OR 5.5 (2.1-14.6) for vertebral dissection. MRA/fat-saturated imaging was positive for…

	Almqvist et al. (2020)
	Sweden
	104 (plus 10 validation)
	Non-enhanced CT re-evaluated for high-attenuation dural…
	1/104 (<1%) had a suspected thrombus on non-enhanced CT, confirmed on CT venography; 99% had CTV excluding CVST; 11% had other explanatory findings. In the validation cohort all patients presenting within 10 days had a high-attenuation (HU >65) venous structure

	Ashraf et al. (2019)
	Pakistan
	245
	FLAIR MRI sequence
	Diagnostic accuracy of FLAIR compared against CSF examination as reference standard was determined in 245 patients (mean age 52.13, SD 10.45 years)

	Alons et al. (2018)
	Netherlands
	384
	Clinical features plus non-contrast CT findings to select…
	Non-contrast CT abnormal in 194; abnormalities on CTA in 116 of these (99 aneurysms). Among 190 with normal non-contrast CT, 12 had CTA abnormalities (4 unruptured aneurysms, 3 cerebral venous thrombosis, 2 RCVS, 2 cervical dissections, 1 cerebellar infarction). Independent associations: abnormal non-contrast CT, lowered…

	Alons et al. (2015)
	Netherlands
	70
	CT angiography
	Vascular abnormality in 13/70 (19%): 8 unruptured intracranial aneurysms (11%), 2 cerebral venous thrombosis (3%), 2 RCVS (3%), 1 cerebral ischaemia (1%). Four had a prior aneurysm or cerebral venous thrombosis

	Han et al. (2013)
	South Korea
	512
	CT angiography
	Vascular lesions in 34/512 (6.6%): 33 aneurysms, 2 moyamoya disease, 1 arterial dissection. Aneurysms most commonly on the internal carotid artery (12), anterior communicating artery (7) and middle cerebral artery (7); mean maximal diameter 3.9 (SD 2.6) mm

	Gilbert et al. (2012)
	United States
	Weighted national sample
	Clinical and demographic factors; CT/MRI utilisation
	Imaging rose from 12.5% to 31.0% (p<0.01) while prevalence of intracranial pathology fell from 10.1% to 3.5% (p<0.05). Ten of 18 factors were associated with increased odds of intracranial pathology, including age >=50 y, ambulance arrival, triage immediacy <15 min, systolic BP >=160 or diastolic BP >=100 mmHg, and disturbance…

	Carstairs et al. (2006)
	United States
	131 approached; 116…
	CT angiography in conjunction with CT and LP
	5/116 (4.3%) ultimately had SAH and/or aneurysm. In 6/116 (5.1%) an aneurysm was found on CTA with normal CT and positive LP; 3 had positive CTA with normal CT and LP; 1 false-positive CTA. No previously undiagnosed intracranial pathology on follow-up of all 131


Note. Detection of an incidental unruptured aneurysm is not equivalent to identification of the cause of the presenting headache; yields are reported as published. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.11 Blood-based biomarkers
Sixteen reports evaluated blood-based biomarkers. Their performance divides cleanly according to whether the target condition is thrombotic. For cerebral venous thrombosis, D-dimer has genuine rule-out value: in a prospective multicentre study of 343 patients with symptoms suggestive of sinus thrombosis, a threshold of 500 µg/L gave a sensitivity of 97.1%, specificity 91.2% and negative predictive value 99.6% (Kosinski et al., 2004); in a consecutive series of 54 patients in whom D-dimer was measured before imaging, sensitivity was 83% with a negative predictive value of 95%, and both false negatives had headache of more than 30 days' duration (Lalive et al., 2003). A recent consecutive cohort of patients undergoing venography reported that a clinical probability score alone allocated only one third of cases to each probability stratum, but that combining low or moderate clinical probability with a D-dimer of 500 µg/L or less produced a negative predictive value of 0.99 (Dahl et al., 2026). The duration caveat is important and consistent, and the practical reading is that D-dimer is useful for excluding acute thrombosis when combined with a clinical probability assessment, and unreliable when the headache is chronic.
For undifferentiated secondary headache and for subarachnoid haemorrhage, no blood biomarker approached the accuracy required of a rule-out test. A prospective multicentre cross-sectional study of 1,522 patients with non-traumatic headache and no neurological deficit reported a bedside D-dimer sensitivity of 82.5% (95% CI 70–91) and specificity of 89.2% (95% CI 87–91) for intracranial pathology (Eken et al., 2026) — insufficient sensitivity to withhold imaging. Copeptin was independently associated with serious secondary headache after adjustment (OR 1.74, 95% CI 1.26–2.39) but achieved an area under the curve of only 0.70 (95% CI 0.63–0.76) (Blum et al., 2017). S100B performed no better, with an area under the curve of 0.67 and, at 0.06 µg/L, a sensitivity of 75% (95% CI 48–93) and specificity of 62% (95% CI 48–74) (Grau-Mercier et al., 2023); a separate multicentre study found four of five haemorrhages had S100β below the 0.10 µg/L threshold, and its authors concluded that the marker has no role in the diagnostic strategy (Muller et al., 2022).
A substantial subgroup of reports evaluated complete blood count indices, principally the neutrophil-to-lymphocyte ratio, for discriminating subarachnoid haemorrhage from primary headache. Reported accuracy was high — a ratio above 4.02 gave a sensitivity of 85.95% and specificity of 97.46% with a positive likelihood ratio of 33.79 (Eryigit et al., 2017), and the neutrophil count alone reached an area under the curve of 0.918 (95% CI 0.855–0.960) (Zhang et al., 2019a) — but every such study used a case–control design contrasting confirmed haemorrhage with confirmed primary headache. That architecture inflates apparent discrimination and does not reproduce the ED question, in which the alternative diagnoses are undifferentiated. Where a comparable index was applied without that contrast, performance fell sharply, leucocytosis or a left shift giving a sensitivity of 89.8% (95% CI 84.5–93.5) but a specificity of 46.7% (95% CI 39.6–53.9) (Kilic et al., 2017). Table 12 presents the biomarker studies.
Table 12. Blood-based biomarkers for identifying a serious secondary headache
	Study
	Country
	Design
	Index test
	Target condition
	Results as reported

	Dahl et al. (2026)
	Norway
	Retrospective consecutive cohort
	CVT clinical probability score with and without…
	Cerebral venous thrombosis
	CVT confirmed in 6.6%. The score distributed one-third of CVT patients into each probability group (sensitivity 0.33 per group); NPV 0.96 for the high-probability group and 0.99 for combined low/moderate probability plus D-dimer >500 ug/L. Positive predictive values were low

	Eken et al. (2026)
	Türkiye
	Prospective multicentre…
	Bedside D-dimer (threshold 500 ng/mL)
	Secondary headache due to…
	Intracranial pathology 57/1522 (3.7%): SAH 20 (35.1%), ischaemic stroke 16 (28.1%), cerebral vein thrombosis 6 (10.5%), subdural haemorrhage 6 (10.5%). D-dimer sensitivity 82.5% (70-91), specificity 89.2% (87-91)

	Çınaroğlu et al. (2024)
	Türkiye
	Prospective comparative study
	Cerebral near-infrared spectroscopy (regional…
	Intracranial haemorrhage
	Right and left rSO2 significantly lower and rSO2 difference significantly higher in the intracranial haemorrhage group (P<0.001). ROC cut-offs: right rSO2 <=67, left rSO2 <=67, difference >=9

	Grau-Mercier et al. (2023)
	France
	Phase 2 prospective…
	Serum S100B protein
	Secondary headache
	Serum S100B higher in secondary headache; area under ROC curve 0.67. At 0.06 ug/L: sensitivity 75% (48-93), specificity 62% (48-74), PPV 35% (20-54), NPV 90% (76-97)

	Yang et al. (2023)
	United…
	Retrospective database study…
	Machine-learning models (logistic regression and…
	Primary versus secondary headache
	A machine-learning predictive model for primary versus secondary headache was constructed from complete blood count parameters, their ratios and demographic and clinical characteristics

	Muller et al. (2022)
	France
	Prospective non-randomised…
	Serum S100beta protein (threshold 0.10 ug/L)
	Subarachnoid haemorrhage
	5/60 had SAH; 4 of these had S100beta below 0.10 ug/L. Negative predictive value 93% (95% CI 0.86-1). The authors concluded S100beta at this threshold has no role in the SAH diagnostic strategy

	Domitrz et al. (2020)
	Poland
	Retrospective case-control…
	D-dimer (normal <=0.5 ug/mL versus elevated >0.5…
	Cerebral venous and sinus…
	Median D-dimer 1.0 (SD 0.57) ug/mL in CVST versus mean 0.50 (SD 0.45) ug/mL in controls (p<0.005). Higher D-dimer associated with complications and fatal course (p<0.005)

	Zhang et al. (2019b)
	China
	Retrospective comparative study
	Plasma D-dimer and coagulation parameters
	Spontaneous subarachnoid…
	D-dimer significantly increased and activated partial thromboplastin time decreased in SAH versus non-SAH (both p<0.001); prothrombin time, INR, thrombin time and fibrinogen did not differ. Area under ROC curve reported for D-dimer discrimination

	Zhang et al. (2019a)
	China
	Retrospective comparative study
	Neutrophil count, neutrophil-lymphocyte ratio,…
	Spontaneous subarachnoid…
	Areas under ROC curve: neutrophil count 0.918 (0.855-0.960), neutrophil-lymphocyte ratio 0.828 (0.751-0.890), platelet-lymphocyte ratio 0.616 (0.524-0.701); all pairwise differences significant (p<0.05)

	Goktekin & Yilmaz (2018)
	Türkiye
	Retrospective case-control study
	Haematological parameters (white cell count,…
	Subarachnoid haemorrhage
	White cell count, haematocrit, haemoglobin, mean corpuscular volume, platelets, mean platelet volume, lymphocyte and neutrophil counts and neutrophil-lymphocyte ratio differentiated SAH from migraine. Increased white cell count and neutrophil-lymphocyte ratio and decreased mean…

	Blum et al. (2017)
	Switzerland
	Prospective multicentre…
	Copeptin measured at ED presentation
	Serious secondary headache
	Serious secondary headache in 75/391 (19%). Copeptin associated with serious secondary headache (OR 2.03, 95% CI 1.52-2.70, p<0.0001); area under ROC curve 0.70 (0.63-0.76). After adjustment for age >50, focal neurological abnormalities and thunderclap onset, copeptin remained…

	Eryigit et al. (2017)
	Türkiye
	Retrospective comparative study
	Neutrophil-lymphocyte ratio on admission
	Subarachnoid haemorrhage versus…
	Median neutrophil-lymphocyte ratio significantly higher in SAH than migraine and other headaches (p<0.001). Cut-off 4.02: sensitivity 85.95%, specificity 97.46%, LR+ 33.79, LR- 0.14

	Kilic et al. (2017)
	Türkiye
	Retrospective case-control study
	Leucocytosis or left shift (increase in…
	Subarachnoid haemorrhage
	On initial ED admission: sensitivity 89.8% (84.5-93.5), specificity 46.7% (39.6-53.9), NPV 82.1% (73.5-88.4), PPV 62.8% (56.8-68.4)

	Demir et al. (2015)
	Türkiye
	Retrospective cross-sectional…
	Red cell distribution width
	Cerebral venous sinus thrombosis
	Red cell distribution width 15.3 (SD 1.4) in CVST versus 13.3 (SD 0.5) in primary headache (P<0.0001); area under ROC curve 0.996 (95% CI 0.99-...)

	Kosinski et al. (2004)
	Germany
	Prospective multicentre study…
	D-dimer (cut-off >500 ug/L)
	Cerebral sinus thrombosis
	CST in 35/343; 34 had D-dimer above cut-off. Sensitivity 97.1%, NPV 99.6%, specificity 91.2%, PPV 55.7%. D-dimer correlated positively with thrombosis extent and negatively with symptom duration

	Lalive et al. (2003)
	Switzerland
	Prospective consecutive cohort
	D-dimer (>500 ng/mL) measured before brain imaging
	Cerebral venous thrombosis
	CVT in 12/54 (22%); 10/12 (83%) had D-dimer >500 ng/mL. Sensitivity 83%, NPV 95%, specificity 90%, PPV 71%. The two false negatives had chronic headache of more than 30 days


Note. Case–control studies contrasting patients with a confirmed target condition against patients with a confirmed primary headache overestimate discrimination relative to an undifferentiated emergency department population. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.12 Bedside adjunct tests
Twelve reports evaluated bedside adjuncts that address conditions the standard pathway does not test for. Two are supported well enough to influence practice. The first is ocular fundus examination. Fundus abnormalities were present in 42 of 497 consecutive ED headache patients (8.5%, 95% CI 6–11) on neuro-ophthalmologist review of non-mydriatic photographs, including 12 with disc oedema, and 14 of the 34 patients with an abnormal fundus who underwent brain imaging (41%) had normal imaging (Thulasi et al., 2013); in a broader ED population selected for headache, deficit, visual change or severe hypertension, urgent fundus pathology was present in 16% (95% CI 13–21) (Dunn et al., 2021) and relevant findings in 10% (95% CI 7–13) (Bruce et al., 2013), with optic nerve head oedema specifically in 2.6% (95% CI 1.9–3.6) (Sachdeva et al., 2018). The limiting factor is not prevalence but the examiner: emergency physician sensitivity against ophthalmic reference was 40% (95% CI 27–54) with specificity 82% (95% CI 76–86) (Dunn et al., 2021), and in a before-and-after crossover study emergency clinician sensitivity rose from 0% with direct ophthalmoscopy to 29% with fundus photography, with specificity rising from 59% to 84% and management changing in 39% (95% CI 31–48) of patients (Dunn et al., 2022). Robotically acquired retinal optical coherence tomography, interpreted by emergency physicians, achieved a sensitivity of 69% (95% CI 49–89) for any abnormality and 100% (95% CI 79–100) for urgent or emergency abnormalities in a pilot study (Song et al., 2023).
The second is carbon monoxide measurement, which identifies a cause that is both common in the right season and invisible to every other test in the pathway. Non-invasive pulse CO-oximetry in 483 consecutive adults with headache identified 38 with a saturation above 10%, of whom 31 (6.4% of the population) had confirmed poisoning, giving a positive predictive value of 82%; seven of these (23%) were occult (Zorbalar et al., 2014). A controlled study using breath analysis found elevated carboxyhaemoglobin in 7.1% of 170 headache patients against 1.0% of 98 controls (P < 0.05) (Eberhardt et al., 2006), and in a cross-sectional study of 4,073 patients screened at triage, headache was the commonest presenting complaint among those with occult poisoning (Koyuncu et al., 2020).
Optic nerve sheath diameter measurement was evaluated in two smaller studies with consistent direction but limited discrimination: median diameter was 5.5 mm with an abnormal CT against 4.3–4.4 mm with a normal CT (P < 0.001) (Canakci et al., 2018), and measured on CT it distinguished haemorrhage from control with an area under the curve of 0.791 (95% CI 0.710–0.872), sensitivity and specificity both being 72% at a 6.1 mm threshold (Yesilaras et al., 2017). Table 13 presents the bedside adjunct studies.
Table 13. Bedside adjunct tests in emergency department headache populations
	Study
	Country
	Participants
	Index test
	Results as reported

	Yan et al. (2026)
	United States
	1838 visits; 194 with headache;…
	Non-mydriatic fundus photography with optical coherence…
	149/194 (76.4%) underwent imaging. Group 1 (isolated headache): 40 imaged, 1 papilloedema, 1 dilated vessels from carotid-cavernous fistula. Group 2 (neurological issue with headache): 37 imaged, 4 papilloedema

	Song et al. (2023)
	United States
	38 patients (72 eyes); 9…
	Emergency physician interpretation of robotically acquired…
	33 (46%) eyes normal, 16 (22%) with urgent or emergency abnormality. Emergency physician OCT interpretation: sensitivity 69% (49-89) for any abnormality and 100% (79-100) for urgent/emergency abnormality

	Dunn et al. (2022)
	Australia
	133
	Direct ophthalmoscopy versus non-mydriatic fundus…
	Management changed in 52/133 (39%, 95% CI 31-48). Emergency clinician sensitivity improved from 0% (direct ophthalmoscopy) to 29% (fundus photography) and specificity from 59% to 84%; telemedicine registrar review reached 50% sensitivity and 86% specificity. Period prevalence of acute fundus pathology 10.5% (6-17)

	Dunn et al. (2021)
	Australia
	345
	Non-mydriatic fundus photography interpreted by emergency…
	Urgent fundus pathology in 56/345 (16%, 95% CI 13-21). Emergency physician versus ophthalmic agreement 74% (kappa 0.196, P=0.001); sensitivity 40% (27-54), specificity 82% (76-86)

	Koyuncu et al. (2020)
	Türkiye
	4073
	Non-invasive pulse CO-oximetry
	106/4073 (2.6%) diagnosed with CO poisoning; headache was the commonest presenting complaint in occult poisoning. Non-invasive pulse CO-oximetry and arterial blood gas measurement were compatible

	Canakci et al. (2018)
	Türkiye
	100
	Bedside ocular ultrasound optic nerve sheath diameter…
	Median ONSD 4.3-4.4 mm with normal CT versus 5.5 mm with abnormal CT (P<0.001); ONSD ipsilateral to the lesion significantly higher than contralateral

	Sachdeva et al. (2018)
	United States
	1408
	Non-mydriatic ocular fundus photography
	Optic nerve head oedema in 37/1408 (2.6%, 95% CI 1.9-3.6), bilateral in 27/37 (73%). Commonest final diagnoses idiopathic intracranial hypertension (19), CSF shunt malfunction/infection (3), optic neuritis (3). Associations: BMI >=35 kg/m2 OR 1.9 (p=0.0002), younger age OR 0.5 per 10 y (p<0.0001), visual loss OR 5 (p=0.0002)

	Yesilaras et al. (2017)
	Türkiye
	61 SAH and 61 matched controls
	Optic nerve sheath diameter measured on non-contrast head CT
	Median ONSD 6.72 mm (IQR 1.42) in SAH versus 5.76 mm (IQR 0.96) in controls (p<0.001). Area under ROC curve 0.791 (0.710-0.872); at 6.1 mm threshold sensitivity and specificity both 72%. Inter-rater and intra-rater intraclass correlation 0.84 and 0.95

	Zorbalar et al. (2014)
	Türkiye
	483
	Non-invasive pulse CO-oximetry (SpCO)
	38 had SpCO >10%, of whom 31 (6.4% of the study population) had confirmed CO poisoning; positive predictive value of SpCO 82%. 24 (77%) of poisoning cases were suspected and 7 (23%) occult

	Bruce et al. (2013)
	United States
	354 photographed; 239 (68%)…
	Emergency physician review of non-mydriatic fundus…
	35/354 (10%, 95% CI 7-13) had relevant findings by neuro-ophthalmologist review, including 6 disc oedema and 6 grade III/IV hypertensive retinopathy

	Thulasi et al. (2013)
	United States
	497
	Non-mydriatic ocular fundus photography reviewed by two…
	Fundus abnormalities in 42/497 (8.5%, 95% CI 6-11): 12 disc oedema, 9 optic nerve pallor, 6 grade III/IV hypertensive retinopathy, 15 isolated retinal haemorrhages. Predictors: BMI >=35 kg/m2 OR 2.3 (p=0.02), younger age OR 0.7 per 10 y (p=0.02), higher mean arterial pressure OR 1.3 per 10 mmHg (p=0.003). Of 34 with abnormal…

	Eberhardt et al. (2006)
	United States
	170 subjects and 98 controls
	Non-invasive CO breath analyser
	12/170 (7.1%) headache patients had elevated carboxyhaemoglobin confirmed on venous testing versus 1/98 (1.0%) controls (p<0.05)


Note. Diagnostic accuracy for fundus imaging depends heavily on who interprets the image; emergency physician and specialist estimates are reported separately where the study provided both. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.13 Meningitis: bedside signs and the decision to perform lumbar puncture
Eleven reports evaluated bedside signs for meningitis, and their collective message is unambiguous: none of the classical signs, including jolt accentuation of headache, is sensitive enough to withhold lumbar puncture. Reported sensitivities for jolt accentuation ranged from 21% (Nakao et al., 2014) through 62.5% (Afhami et al., 2017), 63.9% (95% CI 51.9–76.0) (Tamune et al., 2013), 68.9% (Kuzume et al., 2019) and 69.6% (Mofidi et al., 2017) to 75.0% (95% CI 61.8–84.8) under a narrow definition (Sato et al., 2017). Specificity was equally unstable, from 3.8% (Kuzume et al., 2019) and 33.3% (Mofidi et al., 2017) to 88.3% (Afhami et al., 2017), and the resulting negative likelihood ratios cluster close to unity — 0.80 (95% CI 0.48–1.34) in one cohort (Sato et al., 2017) — which is to say that a negative result changes the probability of meningitis very little. In a specific setting the sign was almost useless as a screen, with a sensitivity of 0.29 and specificity of 0.96 for herpes zoster-associated meningitis (Miyazawa et al., 2025). The other classical signs performed no better as rule-out tests: among 230 neurologically intact adults undergoing lumbar puncture, sensitivities were 21% for jolt accentuation, 13% for nuchal rigidity and 2% each for the Kernig and Brudzinski signs (Nakao et al., 2014).
The corollary is that meningitis frequently presents without meningeal signs at all. In a prospective consecutive cohort of 338 adults undergoing lumbar puncture with structured neurological assessment, 96 (28.4%) had meningitis in the absence of meningeal irritation signs; in that group younger age, headache, nausea, vomiting, painful eye movements and phonophobia increased the likelihood, whereas fever, leucocytosis, lymphopenia, C-reactive protein and immunosuppression did not (Fellner et al., 2020). Attempts to identify patients in whom lumbar puncture can safely be omitted have therefore been framed in the opposite direction, as rules for ruling out infection rather than in: a composite of age over 80 years, cognitive impairment and absence of the meningitis triad had a positive predictive value of 98% and specificity of 99% for the absence of central nervous system infection (Kirkegaard-Biosca et al., 2024). Among adults with fever and headache but no altered mental status or deficit, only C-reactive protein discriminated between diagnostic groups, with medians of 5.6 mg/dL without meningitis, 0.2 mg/dL with aseptic meningitis and 21.7 mg/dL in the single bacterial case (Takada et al., 2024). Table 14 presents the studies in this domain.
Table 14. Bedside signs and clinical rules in suspected meningitis
	Study
	Country
	Participants
	Index test
	Results as reported

	Miyazawa et al. (2025)
	Japan
	70
	Jolt accentuation and other clinical features
	Meningitis in 17/70. Jolt accentuation present in 29.4% with versus 3.8% without meningitis (p=0.0077); sensitivity 0.29, specificity 0.96

	Kirkegaard-Biosca et al. (2024)
	Spain
	489
	Composite clinical variable (age >80 y, cognitive…
	CNS infection 77/489 (15.7%). Composite variable for identifying non-CNS-infection: PPV 98%, specificity 99%. Independent associations with absence of CNS infection: female sex OR 1.89 (1.12-3.20), age >80 y OR 3.14 (1.20-8.19), cognitive impairment OR 3.91 (1.18-13.01), absence of meningitis triad OR 4.12 (1.72-9.85)

	Takada et al. (2024)
	Japan
	80
	CRP, mean platelet volume, neutrophil-lymphocyte ratio,…
	52 no meningitis, 27 aseptic meningitis, 1 bacterial meningitis. Only CRP discriminated: median 5.6 mg/dL (IQR 2.1-11.3) no meningitis, 0.2 (0.1-1.2) aseptic meningitis, 21.7 bacterial meningitis

	Fellner et al. (2020)
	Israel
	338
	Clinical markers in the absence of meningeal irritation…
	96/338 (28.4%) meningitis without meningeal irritation signs. In the absence of such signs, younger age (p=0.005), headache (p<0.001), nausea (p<0.001), vomiting (p=0.001), painful eye movements (p<0.001) and phonophobia (p=0.04) increased the likelihood of meningitis; fever, leucocytosis, lymphopenia, CRP and…

	Kuzume et al. (2019)
	Japan
	87
	Jolt accentuation of headache
	61 aseptic meningitis versus 26 meningism. Jolt accentuation sensitivity 68.9%, specificity 3.8%. Absence of jolt accentuation associated with aseptic meningitis (OR 0.048, 95% CI 0.004-0.554)

	Ala et al. (2018)
	Iran
	120
	Neck stiffness, Kernig sign, Brudzinski sign, jolt…
	Meningitis in 45/120 (37.5%). Accuracy: neck stiffness 0.676 (0.575-0.776), Kernig 0.667 (0.552-0.782), Brudzinski 0.720 (0.619-0.821), jolt accentuation 0.749 (0.659-0.839). Jolt accentuation had highest sensitivity; Kernig and Brudzinski highest specificity

	Afhami et al. (2017)
	Iran
	250 approached; 227 analysed
	Jolt accentuation, nuchal rigidity, Kernig and…
	Meningitis 64/227 (28.2%); jolt positive in 40/64 (62.5%). Jolt sensitivity 62.5%, specificity 88.3%, LR+ 5.36, LR- 0.42. Highest LR+ Kernig 6.79; lowest LR- nuchal rigidity 0.39

	Mofidi et al. (2017)
	Iran
	48
	Jolt accentuation, nuchal rigidity, Kernig and…
	Meningitis 33/48 (68.8%). Jolt accentuation sensitivity 69.6%, specificity 33.3%, PPV 69.6%, NPV 33.3%, LR+ 1.02, LR- 0.91

	Sato et al. (2017)
	Japan
	118 (broad); 108 (narrow)
	Jolt accentuation of headache
	Broad definition: sensitivity 70.7% (58.0-80.8), specificity 36.7% (25.6-49.3), LR+ 1.12 (0.87-1.44), LR- 0.80 (0.48-1.34). Narrow definition: sensitivity 75.0% (61.8-84.8), specificity 35.1% (24.0-48.0)

	Nakao et al. (2014)
	United States
	230 consented; 197…
	Jolt accentuation, Kernig sign, Brudzinski sign, nuchal…
	Pleocytosis in 47/230 (20%). Sensitivity: jolt accentuation 21%, Kernig 2%, Brudzinski 2%, nuchal rigidity 13%

	Tamune et al. (2013)
	Japan
	531
	Jolt accentuation, Kernig sign, nuchal rigidity
	Meningitis 139/531. Jolt accentuation sensitivity 63.9% (51.9-76.0), specificity 43.2% (34.7-51.6)


Note. Sensitivity for jolt accentuation is reported against the reference standard used in the source study, which was cerebrospinal fluid pleocytosis in some studies and a clinical diagnosis of meningitis in others. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.14 Triage performance and missed diagnosis after emergency discharge
Eleven reports quantified what happens when the pathway fails, and they provide the outcome data against which any proposed algorithm must be judged. At population scale the absolute failure rate is low. In an analysis of 2,101,081 discharges with a non-specific diagnosis of atraumatic headache, 0.5% met the definition of a missed serious neurological condition, the commonest being ischaemic stroke (18.1% of missed conditions), with higher odds at advanced age, in men and in the presence of comorbid neurological disease, HIV or malignancy (Dubosh et al., 2019). In a statewide cohort of 1,502,831 adults discharged after an ED visit with a benign headache diagnosis, 2,150 (0.14%) were hospitalised for stroke within 30 days, an adjusted risk higher than after renal colic (HR 2.69, 95% CI 2.29–3.16) (Liberman et al., 2022).
Condition-specific misdiagnosis rates are an order of magnitude higher, because the denominator is the disease rather than the symptom. Probable ED misdiagnosis preceded hospitalisation in 3.6% (95% CI 1.1–4.1) of patients with cerebral venous thrombosis (Liberman et al., 2018), 3.1% (95% CI 2.7–3.5) of those with cervicocephalic artery dissection (Liberman et al., 2020) and 4.53% (95% CI 3.97–5.17) of those with posterior reversible encephalopathy syndrome or reversible cerebral vasoconstriction syndrome (Liberman et al., 2023). A single-centre structured chart review using a validated instrument found diagnostic error in 11 of 53 patients with cerebral venous thrombosis (20.8%, 95% CI 11.8–33.6), and a prior history of a headache disorder was significantly more common among those with error (36.4% versus 7.1%, P = 0.03) (Liberman et al., 2019). The consistent thread — patients who are younger, more often female and more often carry an existing headache diagnosis — identifies the specific cognitive trap the algorithm must guard against, namely attributing a new headache to a known primary disorder.
Triage instruments perform poorly at the level of the individual patient. The Manchester Triage System achieved an area under the curve of 0.734 (95% CI 0.668–0.799) for identifying an urgent and severe neurological condition among 3,002 triage evaluations, with a sensitivity of 79.4% (95% CI 74.5–84.3) at urgent codes and specificity of 54.1% (Brigo et al., 2022), and in a consecutive series restricted to patients with a warning sign, undertriage occurred in 85.1% of those who should have been classified very urgent and 23.3% of those who should have been classified urgent (García-Azorín et al., 2023). Diagnostic labelling in the ED is similarly imprecise: of 211 patients discharged with a diagnosis of tension-type headache, only five met the diagnostic criteria, and on reclassification 64 (30.3%) had a secondary headache and 13 (6.1%) a life-threatening disorder (García-Azorín et al., 2020b). Importantly, a deliberate 9.6% reduction in head CT use was not followed by any increase in death (P = 0.337) or missed intracranial diagnosis (P = 0.312) (Miller et al., 2018), indicating that the current level of imaging is not the binding constraint on safety. Table 15 presents these studies.
Table 15. Triage performance, diagnostic labelling and missed diagnosis after emergency department discharge
	Study
	Country
	Participants
	Index test or exposure
	Results as reported

	Sasaki et al. (2025)
	Japan
	171
	Diagnostic work-up including imaging
	Primary 15.2%, secondary 58.4% and undiagnosed 26.3%. Imaging performed in 73.7%; all life-threatening secondary headaches were excluded. Recurrence of severe headache in undiagnosed cases was 11.9%

	García-Azorín et al. (2023)
	Spain
	1120 visits; 248 eligible
	Manchester Triage System level
	Secondary headache in 126/248 (50.8% of sample; 11.2% of all visits); high-risk secondary headache in 60 (24.2%; 5.4%). Undertriage 85.1% at the very urgent level and 23.3% at the urgent level

	Liberman et al. (2023)
	United States
	4633
	Preceding ED treat-and-release visit for a…
	210/4633 (4.53%, 95% CI 3.97-5.17) had probable preceding ED misdiagnosis; these patients were younger (48 versus 54 years, P<0.001), more often female (80.4% versus 69.3%, P<0.001), and more often had comorbid headache (84% versus 21.4%, P<0.001)

	Brigo et al. (2022)
	Italy
	3002 triage evaluations
	Manchester Triage System
	68/3002 (2.3%) had an urgent and severe neurological condition. MTS area under ROC curve 0.734 (0.668-0.799); sensitivity for urgent codes 79.4% (74.5-84.3), specificity 54.1% (52.9-55.3)

	Liberman et al. (2022)
	United States
	1502831
	Index ED discharge diagnosis
	2150/1502831 (0.14%) were hospitalised for stroke within 30 days. Adjusted stroke risk was higher after headache than after renal colic (HR 2.69, 95% CI 2.29-3.16) or back pain (HR 4.0, 95% CI ...)

	García-Azorín et al. (2020b)
	Spain
	2132 screened; 211 with…
	Application of ICHD criteria
	Only 5/211 fulfilled ICHD criteria for tension-type headache. After reclassification, 21 fulfilled criteria for tension-type or probable tension-type headache; in 106 another headache was diagnosed, including migraine in 40 (18.9%), secondary headache in 64 (30.3%) and a life-threatening disorder in 13 (6.1%)

	Liberman et al. (2020)
	United States
	7090
	ED treat-and-release visit for headache, neck pain…
	218/7090 (3.1%, 95% CI 2.7-3.5) had a preceding probable ED misdiagnosis. No difference in stroke (OR 0.82, 0.62-1.09) or in-hospital death (OR 0.26, 0.07-1.08) between misdiagnosed and other patients

	Dubosh et al. (2019)
	United States
	2101081 headache discharges
	ED discharge diagnosis
	0.5% of headache patients met the primary outcome. The commonest missed condition was ischaemic stroke (18.1%). Advanced age, male sex, non-Hispanic white ethnicity and comorbidities (neurological disorders, HIV/AIDS, malignancy) were associated with higher odds

	Liberman et al. (2019)
	United States
	72 initially eligible; 53…
	Safer Dx instrument applied by two independent…
	Diagnostic error in 11/53 (20.8%, 95% CI 11.8-33.6). Prior history of a headache disorder was significantly more common in those with diagnostic error (36.4% versus 7.1%, p=0.03)

	Liberman et al. (2018)
	United States
	5966 (plus 134 confirmatory)
	ED treat-and-release visit for headache or seizure…
	216/5966 (3.6%, 95% CI 1.1-4.1) had probable misdiagnosis; 8/134 (6.0%, 2.6-11.4) in the confirmatory cohort. Misdiagnosis was associated with longer hospital stay (OR 1.62, 1.04-2.50) but not mortality, intracerebral haemorrhage or discharge disposition

	Miller et al. (2018)
	United States
	582 index visits
	Reduced head CT use (9.6% decrease)
	9 deaths and 10 missed intracranial diagnoses. No difference in the proportion of death (p=0.337) or missed intracranial diagnosis (p=0.312) after the reduction in head CT use


Note. Population-denominator studies estimate the proportion of discharged patients later found to have a serious condition; disease-denominator studies estimate the proportion of patients with a given condition whose diagnosis was missed at an earlier visit. The two are not interchangeable. Long entries are abbreviated here; the complete extraction for every report is in Supplementary material S5.
3.15 Derived diagnostic algorithm
The algorithm in Figure 2 was derived directly from the synthesis above and follows the sequence of decisions the evidence actually supports. Its structure rests on four findings. First, no single clinical feature or composite red-flag list is specific enough to reduce investigation, but the most sensitive lists approach complete sensitivity (Chu et al., 2024; García-Azorín et al., 2022), so their proper role is as a floor beneath the decision not to investigate rather than as a trigger to investigate. Second, the interval from headache onset, not the severity of the headache, determines what a normal non-contrast CT means (Backes et al., 2012; Perry et al., 2011; Trainee Emergency Research Network, 2024), which is why time from onset is placed at the first branch point after the decision to image. Third, once a normal CT within six hours has been obtained, the marginal yield of lumbar puncture is low but its yield at scale is not zero (Migdal et al., 2015; Thompson et al., 2025), so the algorithm frames the step as a documented shared decision rather than as an automatic action. Fourth, a normal non-contrast CT does not exclude cerebral venous thrombosis, arterial dissection, reversible cerebral vasoconstriction syndrome, meningitis, raised intracranial pressure or carbon monoxide poisoning, each of which has its own decisive test (Alons et al., 2015; Ebrahimzadeh et al., 2022; Kosinski et al., 2004; Nakao et al., 2014; Thulasi et al., 2013; Zorbalar et al., 2014); the algorithm therefore does not terminate at a normal CT but routes to a phenotype-directed second tier.
The algorithm is a synthesis product, not a validated instrument. It has not been derived in a patient-level dataset, has no reported operating characteristics of its own, and has not been prospectively tested. Its individual components carry the operating characteristics reported in Tables 5 to 15 and inherit their limitations, including the case-mix from which each was derived. It is presented as an explicit and auditable structure for the decision sequence, and as a framework for prospective evaluation.
[image: ]
Figure 2. Evidence-based staged diagnostic algorithm for non-traumatic headache in the emergency department
Note. Derived from the synthesised evidence presented in Sections 3.4 to 3.14. The algorithm has not been derived in a patient-level dataset and has not been prospectively validated; operating characteristics belong to its individual components, not to the algorithm as a whole.
3.16 Structured confidence assessment
Confidence differs sharply between domains, and the difference is driven less by the number of studies than by their design and by whether the reported estimand answers the emergency question. The two domains in which confidence is highest — non-contrast CT timed from headache onset, and the sensitivity of composite decision rules — are the two in which large prospective multicentre cohorts with adjudicated reference standards and structured follow-up exist. The domains in which confidence is lowest are those dominated by single-centre retrospective series with case–control architecture, heterogeneous definitions of a positive result, or no consistent reference standard for whether a detected abnormality explained the presenting headache. Table 16 records the assessment for each domain with the reasons for each rating. This is a structured confidence assessment as defined in Section 2.12 and is not a GRADE certainty rating.
Table 16. Structured confidence assessment by synthesis domain
	Synthesis domain
	Reports
	Principal methodological limitation
	Consistency and directness
	Confidence

	Aetiological spectrum and pre-test probability
	37
	Predominantly retrospective; denominators differ between unselected populations and populations selected for investigation
	Estimates in unselected populations cluster consistently between about 5% and 13%; directly applicable to the emergency population
	Moderate

	Clinical features, red flags and decision rules
	43
	Several validations are retrospective; entry criteria restrict applicability to a minority of presentations
	Sensitivity estimates are highly consistent across settings; specificity varies widely and transportability is unproven
	Moderate for sensitivity; low for specificity and applicability

	Neuroimaging yield and selection scores
	18
	Almost entirely retrospective; the definition of a clinically significant finding is not standardised between studies
	Direction is consistent (high abnormality rate, low actionable rate) but magnitudes are not comparable
	Low

	Non-contrast CT for subarachnoid haemorrhage
	10
	Several sensitivity estimates come from cohorts of confirmed cases, which cannot yield specificity
	Two large prospective multicentre cohorts with independent adjudication agree on the time dependence; directly applicable
	Moderate

	Lumbar puncture and cerebrospinal fluid analysis
	41
	Largely retrospective and laboratory-linked; red cell and bilirubin thresholds differ between studies; partial verification is common
	Yield estimates are consistently low; accuracy estimates for defined cerebrospinal fluid rules are consistent within threshold
	Moderate for defined cerebrospinal fluid decision rules; low for the net benefit of the procedure

	CT angiography and MRI-based imaging
	11
	Small, mostly single-centre cohorts; no consistent reference standard for whether a detected lesion explained the headache
	Yields differ several-fold with the population selected; indirect for the question of causal attribution
	Low

	Blood-based biomarkers
	16
	Case–control designs contrasting confirmed disease with confirmed primary headache predominate for haemorrhage markers
	Consistent and direct for D-dimer in cerebral venous thrombosis; inconsistent and indirect elsewhere
	Moderate for D-dimer combined with a clinical probability score; low for all other markers

	Bedside adjunct tests
	12
	Small sample sizes; accuracy depends on the interpreter and several studies used specialist rather than emergency clinician reading
	Prevalence estimates are consistent; interpreter-dependent accuracy is consistently poor for unaided emergency clinicians
	Low to moderate

	Meningitis bedside signs and lumbar-puncture decisions
	11
	Mostly small single-centre studies; reference standard alternates between cerebrospinal fluid pleocytosis and clinical diagnosis
	Point estimates vary widely but every study supports the same conclusion, that no sign is sensitive enough to exclude meningitis
	Moderate for the rule-out conclusion; low for any individual point estimate

	Triage tools and missed diagnosis
	11
	Administrative-claims definitions of misdiagnosis cannot separate a missed diagnosis from a genuinely later presentation
	Population-denominator miss rates are consistent across very large datasets; disease-denominator rates are consistent within condition
	Moderate for population-level miss rates; low for triage instrument accuracy


Note. Confidence was assessed as described in Section 2.12, considering risk of bias, consistency, directness, precision as reported and the risk of missing evidence. This is a structured confidence assessment and is not a GRADE certainty rating.
4. Discussion
This review assembled 199 studies reported in 210 publications and found that the evidence supporting emergency diagnosis of life-threatening secondary headache is deep in one place and shallow almost everywhere else. Ninety-four of the 210 reports address subarachnoid haemorrhage through composite decision rules, non-contrast CT or cerebrospinal fluid analysis. The conditions that a normal non-contrast CT does not exclude — cerebral venous thrombosis, cervical artery dissection, reversible cerebral vasoconstriction syndrome, meningitis, raised intracranial pressure and carbon monoxide poisoning — are collectively addressed by fewer reports than lumbar puncture alone. This asymmetry is the single most consequential finding of the review, because it means that the part of the pathway that is best supported by evidence is also the part that a clinician is least likely to get wrong, while the part where diagnoses are actually missed is supported thinly.
Three principal findings emerge from the synthesis itself. The first is that the discriminating variable for non-contrast CT is time, not headache severity. Sensitivity within six hours of onset was 100% (95% CI 97.0–100) in one large prospective cohort (Perry et al., 2011) and 97.0% (95% CI 92.5–99.2) with a negative predictive value of 99.6% in another (Trainee Emergency Research Network, 2024), falling to approximately 90% beyond six hours (Backes et al., 2012). This finding aligns with, and is now supported by more data than existed at the time of, existing clinical policy on suspected subarachnoid haemorrhage (American College of Emergency Physicians, 2019). The practical implication is that documenting the interval from onset is as important as ordering the scan.
The second is that composite decision rules and red-flag lists are calibrated to miss nothing and consequently exclude almost nobody. The Ottawa Subarachnoid Haemorrhage Rule reached 100% sensitivity in derivation (Perry et al., 2010) and in several external validations (Bellolio et al., 2015; Foley et al., 2021; Perry et al., 2017; Wu et al., 2020) with specificity between 13.6% and 37.0%, and a comprehensive red-flag list achieved 96.5% sensitivity against 5.1% specificity (Chu et al., 2024). The limitation that most constrains their use is not accuracy but applicability: only 23.1% (95% CI 20.0–26.5) of ED headache presentations met the entry criteria for the Ottawa rule in a statewide snapshot (Chu et al., 2018a), and the rule's sensitivity fell to 75.0% for non-haemorrhagic intracranial pathology (Wu et al., 2020). A rule that is entered by fewer than one quarter of patients and is condition-specific cannot serve as a general triage instrument for headache, and the consensus red-flag literature (Do et al., 2019) should be read the same way, as a safety net rather than a filter.
The third is that the lumbar puncture question is genuinely unresolved, and the appearance of resolution in either direction is an artefact of the denominator chosen. Individual departments see a yield of 0.4% to 1% (Gill et al., 2018; Migdal et al., 2015; Sayer et al., 2015) against a complication rate of about 6% and a number needed to harm of 17 (Migdal et al., 2015), which argues for restraint; a national audit of 10,187 confirmed haemorrhages found that 7% were diagnosed only after a non-diagnostic scan, including 55 aneurysmal haemorrhages following a negative CT within six hours (Thompson et al., 2025), which argues that abandoning the test is not free. Both statements are correct simultaneously. What the evidence does support is that the decision should be explicit and shared rather than protocolised in either direction, and that where the test is performed, defined cerebrospinal fluid decision rules — a red cell count below 2,000 × 10⁶/L with absent xanthochromia (Perry et al., 2015) — have better support than either visual inspection (Arora et al., 2010) or unqualified spectrophotometry (Perry et al., 2006; Rankin et al., 2022) alone.
Beyond subarachnoid haemorrhage, the review identifies a small number of tests that are supported well enough to be used and are systematically underused. D-dimer combined with a clinical probability score reached a negative predictive value of 0.99 for cerebral venous thrombosis (Dahl et al., 2026), consistent with earlier prospective estimates of 97.1% sensitivity and 99.6% negative predictive value (Kosinski et al., 2004), with the important qualification that both false negatives in one series had headache lasting more than 30 days (Lalive et al., 2003). Non-mydriatic fundus photography detects papilloedema and other urgent fundus pathology at prevalences of 8.5% to 16% (Dunn et al., 2021; Thulasi et al., 2013) in populations where unaided emergency clinician sensitivity by direct ophthalmoscopy was 0% (Dunn et al., 2022). Non-invasive carbon monoxide measurement identified confirmed poisoning in 6.4% of consecutive winter headache presentations, almost a quarter of which were occult (Zorbalar et al., 2014). Each addresses a condition that is invisible to the standard pathway, and each requires equipment or a habit rather than a new evidence base.
Where the evidence is weakest, the pattern is instructive rather than merely disappointing. The blood-biomarker literature for subarachnoid haemorrhage reports high discrimination — a neutrophil-to-lymphocyte ratio above 4.02 with 85.95% sensitivity and 97.46% specificity (Eryigit et al., 2017) — almost exclusively from case–control designs contrasting confirmed haemorrhage with confirmed migraine. That comparison does not exist in an emergency department, where the alternative diagnoses are undifferentiated, and the one study applying a comparable index without that contrast reported a specificity of 46.7% (Kilic et al., 2017). Similarly, the meningitis literature repeatedly asks whether jolt accentuation can exclude meningitis and repeatedly answers that it cannot, with sensitivities from 21% (Nakao et al., 2014) to 75% (Sato et al., 2017) and negative likelihood ratios close to unity; the more useful finding, that 28.4% of adults with meningitis had no meningeal irritation signs at all (Fellner et al., 2020), has attracted far less attention. In both domains the research question has been framed around the test rather than around the decision.
Finally, the outcome data set a realistic performance benchmark. The absolute rate of missed serious neurological conditions after discharge with a non-specific headache diagnosis is 0.5% (Dubosh et al., 2019) and the 30-day stroke hospitalisation rate after a benign headache discharge is 0.14% (Liberman et al., 2022). Against those figures, a deliberate 9.6% reduction in head CT use produced no measurable increase in death or missed diagnosis (Miller et al., 2018), while condition-specific misdiagnosis rates of 3% to 4.5% for cerebral venous thrombosis, arterial dissection and reversible cerebral vasoconstriction syndrome (Liberman et al., 2018; Liberman et al., 2020; Liberman et al., 2023) concentrate in younger patients with an existing headache diagnosis (Liberman et al., 2019). Taken together these suggest that the pathway's residual failures are not failures of imaging volume but of pattern recognition in a specific and identifiable group, which is precisely where a structured algorithm has most to offer.
5. Strengths and Limitations
5.1 Limitations of the review process
The searches were restricted to sources that could be accessed and queried directly. PubMed/MEDLINE, Europe PMC and ClinicalTrials.gov were searched, and both the Cochrane Library and the WHO International Clinical Trials Registry Platform returned an access refusal when queried, so neither was searched and no yield is reported for either. Embase, Scopus, Web of Science and CINAHL were not searched because no access was available. The consequence is a real risk of missing eligible studies, particularly conference proceedings and studies indexed in Embase but not in MEDLINE. The sentinel-study check described in Section 2.6 provides partial reassurance that the final strategy retrieved the landmark studies in this field, but it cannot quantify what was missed.
Backward citation searching was limited. The Europe PMC references endpoint returned a service error throughout the period in which citation searching was performed, so backward searching was carried out by parsing the reference lists of the open-access full texts of three seed reports rather than programmatically across all included studies. Forward citation searching was performed as planned. The citation-searching arm contributed 384 records and 13 included studies, and a more complete backward search would probably have contributed more.
Screening, eligibility assessment, extraction and appraisal were performed by one reviewer working with computer assistance, with no duplicate independent review at any stage. This is a material limitation. Single-reviewer screening is known to be less sensitive than duplicate screening, and single-reviewer extraction is more error-prone. The mitigation applied was mechanical rather than methodological: prespecified decision rules were applied uniformly and recorded, every decision is traceable in the evidence ledger, and prespecified rules governed publication-type exclusion and risk-of-bias domain rating. Traceability is not equivalent to reproducibility by a second reviewer.
Full reports were obtained for only 66 of the 210 included reports; for the remaining 144 the peer-reviewed abstract was the only accessible source. This constrains extraction detail and, more seriously, distorts risk-of-bias appraisal: an unclear rating in Table 4 may reflect incomplete study reporting or incomplete access, and the two cannot be separated from the accessed source. Domain ratings should therefore be read as ratings of the accessed evidence, not of the studies as conducted. No language restriction was applied at the search stage, but extraction depended on the accessible record, and three reports published in languages other than English were extracted from their English-language abstracts.
Formal GRADE certainty rating was not applied, for the reasons given in Section 2.12; the structured confidence assessment used instead is explicitly labelled and is not interchangeable with a GRADE rating. Three DOIs could not be resolved after authoritative checking and were omitted from the corresponding references rather than reproduced unverified. The review was not registered and no prospective public protocol was available, so the prespecification claimed for the eligibility criteria, synthesis domains and risk-of-bias rules cannot be independently verified.
5.2 Limitations of the underlying evidence
The included evidence is dominated by retrospective, single-centre studies: 128 of 210 reports described retrospective designs, and the design could not be classified from the accessed source for a further 22. Only five reports were at low risk of bias across all four QUADAS-2 domains, and 93 were at high risk in at least one. Blinding of index-test interpretation to the reference standard was reported in 28 reports and unclear in 182, and flow and timing was unclear in 166, chiefly because it was not stated whether all participants were verified.
Three specific biases recur. Partial and differential verification are pervasive: in most cohorts only patients who underwent an investigation were verified by an adequate reference standard, so sensitivity is estimated more reliably than specificity and both are conditioned on the decision to test. Spectrum effects are substantial and rarely acknowledged: populations selected for imaging reported serious-cause proportions of 17.3% to 31.9% against 5% to 13% in unselected populations, a difference that reflects selection rather than risk. Case–control architecture, used throughout the blood-biomarker domain, systematically inflates apparent discrimination relative to the undifferentiated population in which the test would be applied.
Heterogeneity in the definition of the target condition limits comparison as much as heterogeneity in the index test. Studies variously targeted aneurysmal subarachnoid haemorrhage, any subarachnoid haemorrhage, any intracranial pathology, any secondary headache or any life-threatening secondary headache, and the same index test can therefore appear accurate or inaccurate according to which target was chosen; the fall in Ottawa rule sensitivity from 100% for haemorrhage to 75.0% for non-haemorrhagic pathology in a single cohort (Wu et al., 2020) demonstrates this directly. Thresholds differ similarly, most conspicuously for cerebrospinal fluid red cell counts, where cut-points of 5, 1,000, 2,000 and 3,667 per microlitre appear across the domain.
Precision is limited for the estimates that matter most. Several sensitivity estimates of 100% derive from small numbers of target-condition cases, so the lower confidence bound is well below 100% — 97.0% in one cohort of 121 haemorrhages (Perry et al., 2011) and 74.7% in a cerebrospinal fluid rule based on 15 haemorrhages (Perry et al., 2015). Reported confidence intervals were reproduced as published and no interval was recalculated. Finally, the risk of missing evidence is not negligible: negative validations of proprietary or locally derived scores are less likely to be published than positive derivations, and the biomarker domain in particular shows the distribution of results characteristic of selective reporting.
6. Clinical Implications and Future Research
The implications drawn here are population-level statements about how an emergency diagnostic pathway might be structured and audited; they are not individual medical advice, and none of them supersedes local clinical policy or the judgement of the treating clinician. Four appear reasonably supported. Time from headache onset should be recorded explicitly at triage and used as a decision variable, because it determines the interpretation of a normal non-contrast CT more than any feature of the headache does. Validated decision rules should be applied within their stated entry criteria and understood as instruments for excluding one condition rather than for clearing a patient; a rule that does not apply to a given presentation gives no information about it. The decision to perform lumbar puncture after a non-diagnostic CT within six hours is genuinely balanced and should be documented as a shared decision, with the yield, the complication rate and the residual risk stated. And a normal non-contrast CT should be a branch point rather than an endpoint, with the second tier directed by phenotype: venous imaging or a probability score with D-dimer for suspected cerebral venous thrombosis, vascular imaging for suspected dissection or vasoconstriction syndrome, lumbar puncture for suspected meningitis, fundus imaging for suspected raised intracranial pressure, and carbon monoxide measurement where the exposure history or the season supports it.
Two further implications concern the failure modes rather than the tests. The concentration of missed cerebral venous thrombosis, dissection and reversible cerebral vasoconstriction syndrome among younger patients with a pre-existing headache diagnosis identifies a specific auditable target: any patient with a known primary headache disorder whose headache has changed in character warrants explicit reconsideration rather than attribution. And because undertriage of patients with warning signs was documented at 85.1% at the highest urgency level in one series, triage instruments should not be relied upon to identify serious secondary headache, and the presence of a warning sign should override the triage category.
The research priorities follow directly from the confidence assessment. The algorithm presented in Figure 2 requires prospective external validation in a consecutive, unselected ED population, with all participants verified by a reference standard combining imaging, cerebrospinal fluid analysis where performed, vascular imaging where indicated and structured follow-up to at least 30 days; the primary outcome should be the proportion of life-threatening secondary headaches missed by the pathway, with the proportion of patients investigated as the co-primary efficiency outcome, and the study should be prospectively registered with a public protocol and a data-sharing statement. Second, diagnostic accuracy studies of second-line tests should be conducted in the population in which the test would actually be used — patients with a normal non-contrast CT — rather than as case–control comparisons against confirmed primary headache; the blood-biomarker literature would need to be substantially rebuilt on that basis before any marker could be recommended. Third, a core outcome set for emergency headache diagnostic research would resolve much of the incomparability documented here, and should specify a common target-condition definition, a minimum follow-up period, mandatory reporting of the interval from headache onset, and explicit reporting of adverse events of testing, including post-lumbar-puncture headache and the downstream consequences of incidental findings. Fourth, implementation studies are needed for the interventions that are already supported: fundus imaging and carbon monoxide measurement both have adequate diagnostic evidence and negligible evidence on how to embed them in practice. Reporting of all such studies should follow STARD 2015 (Bossuyt et al., 2015), which none of the included diagnostic accuracy studies could be confirmed to have followed from the accessed sources.
7. Conclusion
In adults presenting to an emergency department with non-traumatic headache, a life-threatening secondary cause is present in approximately 5% to 13% of unselected presentations and is not excluded by a normal neurological examination. The evidence supports a staged, time-anchored pathway: a validated decision rule applied within its entry criteria determines who requires investigation; non-contrast CT performed within six hours of headache onset carries a negative predictive value of 99.6% to 99.9% for subarachnoid haemorrhage and does most of the diagnostic work; lumbar puncture after a non-diagnostic early scan has a yield of under 1% against a complication rate of about 6% and is best framed as a documented shared decision; and a normal scan should route the patient to phenotype-directed second-line testing rather than to discharge, because cerebral venous thrombosis, arterial dissection, meningitis, raised intracranial pressure and carbon monoxide poisoning each require a different and specific test.
Confidence in this body of evidence is low to moderate and is unevenly distributed. It is moderate for the time dependence of non-contrast CT, for the sensitivity of composite decision rules and for the conclusion that no bedside sign excludes meningitis; it is low for the diagnostic yield of imaging beyond the first scan, for blood biomarkers other than D-dimer in suspected cerebral venous thrombosis, and for the accuracy of triage instruments. The underlying literature is dominated by retrospective single-centre studies, only 5 of 210 reports were at low risk of bias across all QUADAS-2 domains, and the review itself was conducted by a single reviewer using openly accessible sources, with full text available for fewer than a third of included reports. The algorithm derived here is a structured synthesis product with no operating characteristics of its own; it has not been validated prospectively and should not be implemented as a standard of care until it has been.
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STEP 1. Triage and immediate risk recog

4

PHENOTYPE-DIRECTED SECOND-LINE TESTING

Escalate immediately for reduced level of consciousness, new focal neurological deficit, seizure,
fever with meningism, hypertensive emergency, pregnancy or puerperium, immunosuppression.
or anticoagulation with prior stroke or intracranial haemorrhage.

Triage category alone must not govern the pathway: the Manchester Triage System discriminated
only moderately for an urgent and severe neurological condition (area under the curve 0.734),
and 85.1% of presentations that warranted the very urgent level were undertriaged.

I

STEP 2. Structured history and examination

Record the time from onset to peak intensity, the circumstances of onset, and any change from
the patient's usual headache pattern

A serious secondary cause was present in 6.1% of adults in the largest multinational emergency

cohort and in 5% to 13% of unselected emergency populations overall; it was present in 10.9% of

thunderclap presentations compared with 6.6% of presentations with a different onset.

A normal neurological examination does not exclude a serious cause: 4.8% of such patients were
nevertheless diagnosed with a serious secondary headache.

I

Apply in parallel with Steps 3 to 5 whenever the phenatype fits. None of these conditions is
excluded by a normal non-contrast CT.

Fever, neck stiffness or immunosuppression
CENTRAL NERVOUS SYSTEM INFECTION

Proceed to lumbar puncture on clinical suspicion. Jolt accentuation of headache cannot rule out
meningitis: sensitivity was 21% to 75% across studies. Meningitis was present in 28.4% of
patients who had no meningeal irritation signs.

Prothrombotic state, pregnancy or puerperium, subacute or postural headache

CEREBRAL VENOUS THROMBOSIS

Combine a clinical probability score with D-dimer: reported negative predictive value 0.99.
D-dimer alone had a sensitivity of 83% to 97% and a negative predictive value of 95% to 99.6%,
and was less reliable when headache had lasted more than 30 days. Confirm with CT or MR
venography.

STEP 3. De

le whether to investigate for subarachnoid haemorrhage

In alert patients older than 15 years with non-traumatic headache peaking within 1 hour and no
neurological deficit, apply the Ottawa Subarachnoid Haemorrhage Rule: age 40 years or older,
neck pain or stiffness, witnessed loss of consciousness, onset during exertion, thunderclap
headache, or limited neck flexion on examination

Sensitivity was 100% in derivation and in several external validations, but specificity was only
13.6% to 37.0%, and just 23.1% (95% CI 20.0-26.5) of emergency headache presentations meet
the entry criteria

The rule identifies who requires testing. It does not exclude non-haemorrhagic intracranial

pathology, for which its sensitivity was 75.0%

STEP 4. Non-contrast CT, timed from headache onset

Within 6 hours of onset, on a modern multidetector scanner read by an experienced radiologist:
sensitivity 97% to 100%, negative predictive value 99.6% to 99.9%, and a post-test probability
after a negative scan of about 0.5%.

Beyond 6 hours sensitivity falls, to 90.0% (95% CI 76.3-972) in one time-stratified cohort
Unstratified sensitivity across cohorts was 92.9% to 97.8%

l

STEP 5. After a negative non-contrast CT

CT within 6 hours, rule-negative and low pre-test probability: further testing for subarachnoid
haemorrhage may reasonably be omitted after documented shared decision-making.

CT beyond 6 hours, or persisting clinical concern: lumbar puncture or CT angiography. A
cerebrospinal fluid red cell count below 2000 x 10%/L with no xanthochromia excluded
aneurysmal haemorrhage (sensitivity 100%, 95% Cl 74.7-100; specificity 91.2%).

Set this against a diagnostic yield of 0.4% to 1% and a complication rate of about 6%; against
this, 7% of confirmed haemorrhages were identified only by lumbar puncture after a
non-diagnostic scan

STEP 6. Disposition and safety-netting

About 0.5% of patients discharged with a non-specific headache diagnosis return with a serious
neurological condition within 30 days, and 0.14% are hospitalised for stroke within 30 days, more
often than after control presentations.

Document the differential considered, give explicit return advice, and arrange review for any
headache that remains unexplained.

Neck o facial pain, Homer syndrome, recent neck strain
CERVICAL ARTERY DISSECTION

CT angiography of the head and neck. Dissection was identified in 6.1% of angiograms
performed for suspected dissection. New headache (odds ratio 2.5) and partial Homer syndrome
(odds ratio 14.4) predicted carotid dissection.

Recurrent thunderclap headache, vasoactive drug or postpartum trigger
REVERSIBLE CEREBRAL VASOCONSTRICTION SYNDROME

Present in 8.8% of thunderclap headaches without evidence of severe iliness. Vascular imaging
with planned repeat imaging; the RCVS-TCH score reached a C-index of 0.929 in derivation and
0.861 in validation

Visual symptoms, obesity, young woman, or diagnostic uncertainty
RAISED INTRACRANIAL PRESSURE

Examine the ocular fundus. Relevant fundus abnormalities were found in 8.5% to 16% of eligible
emergency patients, and emergency physicians detected 0% to 40% of them without fundus.
photography.

.,

Winter presentation, household or group symptoms, non-specific features
CARBON MONOXIDE POISONING

Non-invasive pulse CO-oximetry at triage. Poisoning was confirmed in 6.4% to 7.1% of adults
presenting with headache in winter months, and about one quarter of those cases were occult.

Headache unexplained after negative CT, with or without lumbar puncture
MAGNETIC RESONANCE IMAGING

Emergency MRI showed significant headache-related findings in 20% of patients, and in 17.3%
when performed after an earlier negative CT, with the highest yield among early re-attenders.

Estimates are reproduced as reported in the included studies; where studies disagreed, the range across studies is given. The algorithm assumes an adult presenting to an emergency department with
non-traumatic headache. It has not been derived in a patient-level dataset and has not been prospectively vafidated.





