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 ABSTRACT 

BACKGROUND AND PURPOSE: Background and Purpose: Overuse of computed tomography (CT)-based cerebrovascular imaging in 
the emergency department (ED) and inpatient settings, notably CT angiography of the head and neck (CTAHN) for minor and non-
focal neurological presentations, stresses imaging services and exposes patients to radiation and contrast. Furthermore, such CT-
based imaging is often insufficient for definitive diagnosis, necessitating additional MR imaging. Recent advances in fast MRI may 
allow for timely assessment and reduced need for CTAHN in select populations. 

MATERIALS AND METHODS: We identified inpatients or ED patients who underwent CTAHN (including non-contrast and post-contrast 
CTH, with or without CT perfusion [CTP] imaging) followed within 24 hours by a 3T MRI study that included NeuroMix (an unenhanced 
2.5 min multi-contrast sequence) and intracranial time-of-flight MR angiography (MRA; a 5 min sequence) during a 9-month period 
(April to December 2022). Cases were classified by 4 radiologists in consensus as to whether NeuroMix and NeuroMix+MRA detected 
equivalent findings, detected unique findings, or missed findings relative to CTAHN. 

RESULTS: 174 cases (mean age 67±16 yrs; 56% female) met the inclusion criteria. NeuroMix alone and NeuroMix+MRA protocols were 
determined to be equivalent or better compared to CTAHN in 71% and 95% of patients, respectively. NeuroMix always provided 
equivalent or better assessment of the brain parenchyma, with unique findings on NeuroMix and NeuroMix+MRA in 35% and 36% of 
cases, respectively, most commonly acute infarction or multiple microhemorrhages.  In 8/174 cases (5%), CTAHN identified vascular 
abnormalities not seen on the NeuroMix+MRA protocol due to CTAHN’s wider coverage of the cervical arteries. 

CONCLUSIONS: A fast MR imaging protocol consisting of NeuroMix+MRA provided equivalent or better information compared to CTAHN 
in 95% of cases in our population of patients with an acute neurological presentation.  The findings provide a deeper understanding 
of the benefits and challenges of a fast unenhanced MR-first approach with NeuroMix+MRA, which could be used to design prospective 
trials in select patient groups, with the potential to reduce radiation dose, mitigate adverse contrast-related patient and 
environmental effects, and lessen the burden on radiologists and healthcare systems. 

 

 ABBREVIATIONS: CTAHN = CTA Head and Neck including non-contrast and delayed post-contrast CT Head with or without CT 

perfusion, NeuroMix = unenhanced multi-contrast MR brain sequence. 

 
Received month day, year; accepted after revision month day, year. 
From Division of Neuroimaging and Neurointervention, Department of Radiology, Stanford University, Stanford, CA, USA (J.H.D., A.T.M.,A.B., N.F., 
G.Z.); MR Applied Science Laboratory Europe, GE Healthcare, Stockholm, Sweden (T.M.); Department of Clinical Neuroscience, Karolinska Institutet, 
Stockholm, Sweden (T.M., S.S.). 
 
Greg Zaharchuk is a co-founder and has equity interest in Subtle Medical, is a consultant with Bracco, and has received funding from GE Healthcare, 
all of which are unrelated to the current manuscript. 
 
Johannes H. Decker, MD PhD, Department of Radiology, Stanford University,453 Quarry Dr., Palo Alto, CA 94304, USA, jhdecker@stanford.edu. 
 

 

 SUMMARY SECTION 

PREVIOUS LITERATURE: The use of CT angiography of the head and neck has been expanding, increasing patient risks and 
putting strain on radiologists and the medical system. Fast MR brain protocols have been developed at multiple institutions, initially 
for pediatrics but more recently for adults. In adults, such fast MR brain protocols are primarily compared to conventional MRI 
protocols, demonstrating significant time savings without significant loss in diagnostic quality. No studies to date have compared a 
fast MR brain protocol with typical CTAHN protocols for adult patients presenting with acute neurological symptoms. 

KEY FINDINGS: A fast MR imaging protocol consisting of unenhanced multi-contrast NeuroMix and TOF-MRA sequences detected all 
structural and almost all vascular findings seen with CTAHN, while detecting unique findings in over a third of cases. Cervical vascular 
findings were rare, and were missed due to the NeuroMix+MRA protocol’s anatomic coverage 

KNOWLEDGE ADVANCEMENT: Non-contrast fast MR brain protocols such as NeuroMix+MRA may diagnostically substitute for CTAHN 
protocols. Significant cervical vascular findings were rare in our population. The current findings can inform the development of 
prospective trials to evaluate whether fast MR protocols can replace CTAHN in defined patient populations. 

 Published June 21, 2024 as 10.3174/ajnr.A8386
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INTRODUCTION 

Increased use of CT imaging in the emergency department (ED) and inpatient settings places growing demands on imaging services 

resources1–3. These include increased healthcare costs and radiologist burnout4, as well as patient safety concerns related to radiation and 

contrast-related risks5,6. This is particularly evident in the setting of minor and non-focal neurological symptoms7, where CT angiography 

of the head and neck (CTAHN) is increasingly performed8,9. This preference for broad CTA utilization may be partly due to increased 

ordering by non-MD advanced practice providers10,11.   

 CTAHN studies typically consist of thousands of images, requiring lengthy evaluation by radiologists. Nonetheless, these studies 

often yield insufficient diagnostic information2,10, leading to subsequent evaluation with MRI.  In this study, we retrospectively assessed 

the performance of fast MR protocols based on a 2.5 min unenhanced multi-contrast sequence (NeuroMix)12 acquired alongside standard 

MRI sequences and performed within 24 hours of a contrast-enhanced CTAHN in patients with acute neurological presentations to better 

understand the benefits and challenges of a “fast MR first” approach in select patient groups.  

MATERIALS AND METHODS 
Patient Population 

We performed an IRB-approved, retrospective review of data from a single institution. Sequential inpatient or emergency department (ED) 

patients who received an MRI scan that included NeuroMix12 (a 2.5 min unenhanced multi-contrast sequence) and intracranial TOF-MRA 

within 24 hours of CTAHN with or without CTP between April and December 2022 were identified by querying our electronic medical 

record (Figure 1).  All CTAHN studies included non-contrast CTH and 5-minute post-contrast CTH. For patients with multiple CT studies 

in the 24 hours prior to MRI, only the exam closest in time to the MRI was included. Imaging time was defined as time between first and 

last acquired image. For stroke codes, this time includes the delay after initial non-contrast CTH to communicate presence of hemorrhage 

and determination to proceed to CTAHN. 

 

 

FIG 1. Flow chart shows collection of cases by initial inclusion criteria, subsequent exclusion, and total cases that underwent 
analysis.  

 Chart review was performed to collect demographic data and presenting symptoms.  Presenting symptoms were categorized by 

ABCD2 risk stratification13: ABCD+ (focal weakness or speech disturbance), non-ABCD (sensory loss, dizziness, altered mental status, 

gait abnormality, headache, or vision loss), or other (follow-up exam or trauma). In cases where a stroke code was initiated, we recorded 

the presenting NIHSS and whether thrombolytic therapy was ultimately administered.   

 

Imaging Protocols 

CTAHN was performed on two scanners (Revolution, GE Healthcare; Somatom Force, Siemens Healthcare).  Parameters were as follows:  

non-contrast and post-contrast CT: slice thickness (ST) 0.625-0.75 mm, dual energy 80 and 150 kVp; CTA ST 0.625-0.75 mm, 80 kVp; 

CTP ST 10 mm, 70 kVp. Typical dose-length-product was 3000-5000 mGy-cm. Typical iodinated contrast dose was 100 ml. CTP studies 

had split-dose contrast administration.   

3T MRI was performed on one of three scanners (Premier (n=2), MR750 (n=1), GE Healthcare, Waukesha, WI).  NeuroMix is 

a fast segmented GRE-EPI and SSFSE acquisition with 5 standard and 3 optional tissue contrasts12. This requires 2.5 min for 5 mm ST, 1-

1.3 mm in-plane resolution, and 2 selected optional contrasts. Standard contrasts are axial EPI-DWI, T1w FLAIR, T2w and T2-FLAIR 

SSFSE, and T2*w-EPI. Selected optional contrasts included sagittal T1w 3D-EPI using ST of 1.2 mm and axial SWI 3D-EPI using ST of 

2.5 mm (Figure 2).  Intracranial non-contrast TOF-MRA parameters were 3 slabs, TR/TE 22/2.6 ms, ST 1.2 mm, imaging duration 

approximately 5 min.  While cervical MRA was occasionally performed, we only assessed the intracranial MRA information as this was 

common to all MR imaging studies. 
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FIG 2. Unenhanced multi-contrast NeuroMix sequence compared to CT in a 67-year-old female with history of prior strokes and 
worsened left-sided weakness and dysarthria. Graded as unique NeuroMix information regarding acute infarct (arrow) and 
microhemorrhages (long arrowhead, other sites not shown). A) Axial non-contrast CT head without focal hypoattenuation or CTP 
deficit (not shown). B) DWI with diffusion restriction in the right corona radiata (arrow). C) Axial reconstruction of NeuroMix 
sagittal 3D T1 weighted acquisition. D) T2-weighted and E) T2-FLAIR images show confluent subcortical white matter 
hyperintensity. F) SWI shows a right parietal microhemorrhage (arrowhead).  

 

Data and Statistical Analysis 

Four radiologists reviewed all studies in consensus.  Abnormalities were categorized as structural (e.g., infarct, hemorrhage, 

microhemorrhage) or angiographic (e.g., >50% arterial stenosis, occlusion, aneurysm, dissection). Comparisons were made to determine 

whether CT and MR protocols provided equivalent or unique diagnostic information. For example, when CT imaging with CTP suggested 

acute infarct that was confirmed by MRI and limited to the same vascular territory, this was considered equivalent. Otherwise, DWI-

positive acute infarcts were recorded as unique MR information if the findings on CT were not visible, equivocal, or favored to be chronic. 

Conversely, if CT suggested an acute infarct which was disproven on MRI, this was considered unique MRI information. Results are 

presented for the entire cohort, as well as the following subgroups:  patients who presented as stroke codes; as non-stroke codes; with 

presenting NIHSS of 0, 1-6, or >6; with focal weakness or speech disturbance (ABCD+); and those with other symptoms (non-ABCD). 

Confidence intervals were calculated using the modified Wald method14. 

RESULTS 

Two-hundred and five (205) matched CT and MR cases met our initial criteria, of which 31 were excluded, resulting in analysis of 174 

cases (Figure 1).  The primary reason for excluding individual cases was when a patient had more than 1 CTAHN study within the 24-

hour period prior to MRI (n=16). Most (75%) cases were from the ED, 56% were female, 47% self-identified as white, and mean age was 

67 years (range: 20-102 years). The most common presentation was focal weakness (16%), followed by speech disturbance (15%), sensory 

abnormality (13%), dizziness (13%), and altered mental status (11%) (Table 1).  

CTAHN, NeuroMix, and MRA sequences were interpretable in all cases. MR studies were acquired 6.5±4.5 hours after the CT 

study. Five MR studies were prematurely halted due to patient factors, though after acquisition of NeuroMix and MRA. Mean imaging 

time, as defined in the Methods section, was 12±5 min for CTAHN without CTP, 17±6 min for CTAHN with CTP, and 33±10 min for 

conventional MRI.  

Overall, 43 cases (25%) were normal or had irrelevant incidental findings on both MRI and CTAHN, while another 10 cases 

(6%) demonstrated obviously chronic findings. The remaining 121 cases (70%) had potentially relevant diagnostic information on either 

CTAHN or NeuroMix+MRA, 98 with structural findings and 59 with angiographic findings (Table 2). NeuroMix-only and 

NeuroMix+MRA protocols were deemed equivalent or better than CTAHN in 71% and 95% of patients, respectively (Online Supplemental 

Data). Unique findings were seen on NeuroMix alone and NeuroMix+MRA in 35% and 36% of patients, respectively, most commonly 

acute infarction not identified on the CT (Figure 3) or findings seen only on SWI (Figure 4). Unique findings were seen on CTAHN in 

8/174 cases (5%) compared to NeuroMix+MRA, with findings of high-grade carotid bifurcation (n=3) or proximal vertebral artery (n=5) 

stenosis outside the MRA field of view.    
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FIG 3. Unique NeuroMix information (pontine infarct) in a 62-year-old male presenting with 1 day of left sided weakness and 
tingling. A) Axial non-contrast CT without structural abnormality. CT angiography and perfusion were also unremarkable. B) 
NeuroMix axial DWI shows diffusion restriction within the right pons compatible with acute infarct (arrow).  C) Conventional axial 
DWI similarly shows the acute right pontine infarct. 

 

 

FIG 4. Two cases with unique and useful NeuroMix information on SWI. A-B) 49-year-old female presenting with worsening 
multifocal pain, weakness and numbness not confined to a particular neurovascular territory. A) Axial non-contrast CT head shows 
a heterogeneously hyperattenuating lesion in the left parieto-occipital white matter (arrow). B) Axial NeuroMix SWI shows blooming 
of this lesion (arrow) as well as multiple lesions not evident on CT (arrowheads), consistent with multiple cavernous vascular 
malformations. C-D) 74-year-old female with transient left facial droop and dysarthria. C) Axial non-contrast CT without significant 
structural abnormality. D) Axial NeuroMix SWI shows central-predominant foci of susceptibility (arrowheads) suspicious for 
hypertensive microhemorrhages.  

In most of our cases (106/174, 61%), a stroke code prompted CTAHN. Ten patients (6%) received intravenous thrombolysis. 

No patients underwent thrombectomy. 75% had an NIHSS score of 6 or below. Of note, half (34/68) of all non-stroke code cases also 

included CTP.  Intracranial hemorrhage (ICH) was noted in 23 cases, all identified by both CT and NeuroMix. NeuroMix-based SWI 

detected a superimposed pattern of multiple microhemorrhage suggesting cerebral amyloid angiopathy or chronic hypertension in 4 cases.  
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DISCUSSION 

We compared MR studies that included the fast unenhanced multi-contrast NeuroMix and MRA sequences with a recently performed 

CTAHN (including non-contrast CTH, often with CTP, and delayed post-contrast CTH) in patients with acute neurological presentations. 

In 95% of these cases, the fast MR-based protocol provided equivalent or better information relative to CTAHN, detecting unique structural 

findings such as acute infarcts or microhemorrhages in over a third of cases, while detecting all intracranial vascular findings. 

Neuromix+MRA missed a total of 8 (4.6%) findings, all of which were extra-cranial vascular findings not included in the MRA field-of-

view; of these, only 3 (1.7%) had a vascular finding that would change management (i.e., high-grade carotid stenosis).  This suggests there 

may be a role for fast MR-first protocols in patients with acute neurological presentations, which could be further assessed with prospective 

evaluation.   

CTAHN has undergone dramatic growth in recent years8,9, being generally fast and widely available.  However, CTAHN as a 

first study for patients with neurological symptoms exposes patients to ionizing radiation and iodinated contrast.  Lengthy evaluation times 

for CTAHN studies, concurrent with increasing demands for rapid report turn-around-times15 and overall rising volumes2, increases 

pressure on radiologists and contributes to workload and burnout4. The number of studies without relevant findings is also increasing9, 

possibly due to less emphasis on physical examination and clinical judgment and more reliance on physician extenders in the ED10.  MRI 

allows for faster and more definitive reporting of acute ischemic stroke due to DWI.  If timely MRI access can be facilitated, a “fast MR-

first” approach for certain acute neurological presentations may benefit multiple stakeholders with more definitive and potentially lower 

cost imaging.  Additionally, an unenhanced NeuroMix+MRA protocol would avoid contrast material injection, saving imaging time, 

avoiding contrast reaction or extravasation, and reducing environmental/water pollution downstream from sites with high concentration of 

imaging centers16,17. 

We found that NeuroMix+MRA provided unique information in over a third of cases relative to CTAHN18. This estimate is 

likely conservative, as we did not specifically consider the clinical value of a negative DWI, which allows for more definitive management 

decisions and might facilitate more rapid patient discharge. These advantages must be weighed against a low rate of missed cervical 

vascular findings, as some pathways suggest a benefit of early intervention in patients with transient ischemic attack or stroke and >50% 

carotid bifurcation stenosis19,20.  This issue could be largely mitigated if non-contrast MRA coverage extended from the Circle of Willis 

to the carotid bifurcation, or with non-emergent follow-up imaging of neck vessels. The benefit of imaging vertebral arteries for posterior 

circulation symptoms21,22 is less clear given lack of benefit of vascular intervention23 over medical therapy24.  Depending on the clinical 

scenario, NeuroMix-based protocols may be variably appropriate, and this observational study can serve as a foundation to explore their 

application to different patient populations with prospective trial designs. 

Long wait and acquisition times have limited traditional MR exams in the ED setting. Abbreviated MRI exams have been 

validated in the pediatric setting to expeditiously evaluate for hydrocephalus25 and trauma26,27, though CT retains some advantages over 

MRI in trauma depending on the clinical scenario28. Accelerated protocols often rely on GRE-only echo planar imaging29–33 to provide 

multi-contrast imaging. NeuroMix12, with both GRE-EPI and SSFSE-based acquisition, has decreased susceptibility artifact at the skull 

base. A recent study using a deep-learning-augmented fast MR protocol was shown to be effective in patients presenting with stroke-like 

symptoms relative to standard MRI34.  NeuroMix+MRA had comparable imaging time compared to the average CTAHN (non-contrast-

CTH, head and neck CTA, +/- CT Perfusion, delayed contrast-enhanced-CTH) in our cohort: NeuroMix+MRA at 7.5 min “gradient-on-

time”, CTAHN without CTP at 12 min, and CTAHN with CTP at 17 min. This lengthy CT time is largely driven by the number of stroke 

codes in our cohort and the associated required care team communications. CT imaging time will likely be reduced if fewer stroke codes 

are included, and prospective trials comparing CT and NeuroMix-based protocols will need to account for total imaging time (room time, 

order to report, or presentation to disposition) to determine feasibility and utility of NeuroMix-based protocols.  Nevertheless, we believe 

that there is roughly similar table time for these two approaches, with the potential of further speeding up of the MRA study, which was 

not optimized for fast imaging, but was rather our routine clinical sequence. Other issues, including access to MRI would need to be 

addressed in a prospective trial. 

Triaging patients to NeuroMix+MRA over CTAHN may reduce length of stay (LOS), a critical metric and driver of imaging. 

EDs are structured to provide short door-to-CT times generally15 and for trauma and stroke particularly35. Conventional MRI is viewed as 

increasing LOS36, but having dedicated ED MR scanners37, protocols30,31, and workflows has shown to result in overall decreased hospital 

LOS36. One study showed equivalent ED LOS between CT and MR work-up to evaluate for hip fracture, with more definitive management 

after MR38. A recent model analysis suggests that specialized MRI is the most cost-effective evaluation of ED patients with dizziness7. 

Nevertheless, patient screening, scanner availability, and staffing are potential barriers to expedited MR access in the ED setting, even 

when MR is the more appropriate study, though access to MRI improves when individual patient examinations are shortened39. 

A NeuroMix+MRA fast-imaging protocol is not meant to replace comprehensive MRI, and this study was not designed to 

evaluate for these differences. Nevertheless, NeuroMix was acquired alongside conventional MRIs, allowing for an evaluation of 

NeuroMix findings compared with conventional MR protocols in our cohort. We found that 9% of cases had findings on conventional 

MRI that were not evident or not fully evaluated on NeuroMix+MRA. In 8/16 (50%) of cases, this was related to non-detection or 

incomplete characterization of enhancing lesions, which is expected given the non-contrast nature of the abbreviated protocol.  Other 

discrepancies included new information in 6/16 cases derived from ASL perfusion imaging, while in 2/16 cases, subtle punctate infarcts 

were seen on comprehensive 3 mm DWI but not on 5 mm NeuroMix DWI. NeuroMix has the option of acquiring images at thinner slice 

thickness (3 or 4 mm) with slightly increased imaging duration, such that the extra imaging time must be weighed against the need to 

visualize tiny infarcts. If a fast MRI-first protocol is implemented, this may enable more informed decisions to be made regarding the need 

for further imaging evaluation, such as CTAHN, neck ultrasound, and/or conventional MRI. The risk exists that ordering providers may 

excessively rely on the fast MRI without understanding potential limitations, and education around protocols will be important. 

Several patients in our cohort were found to have acute intracranial hemorrhage (ICH). Non-contrast CT remains a bedrock of 

evaluating patients for acute ICH, but clinically significant hemorrhage can be equally well or better assessed with MRI using gradient-

echo and SWI40,41. No cases of ICH were missed by NeuroMix. In 4 cases of CT-evident ICH, SWI revealed a microhemorrhage pattern 

consistent with hypertension or cerebral amyloid angiopathy, thereby adding important clinical information. A theoretical concern exists 

regarding delay in ICH diagnosis due to differences in access to MRI versus CT, and this should be monitored when assessing fast MR-

first protocols in patients with mild neurological presentations.  

Our study has several limitations. First, requiring two imaging exams within 24 hours selects for follow-up MRIs based on non-

definitive CTAHN (work-up bias), but a short-time window between exams is necessary to limit the changes that can occur between exams 
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solely based on time.  Additionally, cases for which a negative CTAHN was considered definitive or cases with symptoms or CTAHN 

findings too severe to have warranted or tolerated additional short-interval MRI were not included.  Furthermore, at our institution, this 

selection criterion excludes patients who undergo thrombectomy and therefore is biased against large-vessel-occlusion cases. This design 

was meant to enrich for less severe presentations, with the assumption that prospective NeuroMix+MRA trials would target patients with 

minor neurological symptoms.  For example, meta-analyses have shown a high negative predictive value for large vessel occlusion using 

clinical symptoms, such as NIHSS<442.  Another limitation is that we were unable to retrospectively quantify wait time for CT or MRI or 

overall room time, though this would not have much meaning given that initial time-sensitive triage was performed with CT.  While 

imaging time for NeuroMix+MRA (7.5 min) and full CTAHN (17 min; inclusive of non-contrast stroke code communication and IV 

thrombolysis decision-making) were comparable, patients can typically access CT scanners more quickly than MR scanners due to 

differences in patient screening and availability of scanners.  These important timing considerations require a prospective trial to fully 

understand. 

CONCLUSIONS 

In our patient population, NeuroMix+MRA provided equivalent to or better than CTAHN in 95% of cases, detecting unique findings in 

36% of cases. These results, along with comparable acquisition times, indicate that NeuroMix+MRA can be considered as an alternative 

to CTAHN in patients with acute neurological presentations. Future prospective work is needed to confirm this hypothesis and define 

appropriate patient populations for such a protocol. 

REFERENCES 
1.  Tung M, Sharma R, Hinson JS, et al. Factors associated with imaging overuse in the emergency department: A systematic review. Am J Emerg 

Med 2018;36:301–9. 

2.  Dan Lantsman C, Barash Y, Klang E, et al. Trend in radiologist workload compared to number of admissions in the emergency department. Eur 
J Radiol 2022;149:110195. 

3.  Tu LH, Malhotra A, Venkatesh AK, et al. Head and Neck CTA Utilization: Analysis of Ordering Frequency and Nonroutine Results 

Communication, with Focus on the 50 Most Common Emergency Department Clinical Presentations. Am J Roentgenol 2022;218:544–51. 
4.  Canon CL, Chick JFB, DeQuesada I, et al. Physician Burnout in Radiology: Perspectives From the Field. Am J Roentgenol 2022;218:370–4. 

5.  Shyu JY, Sodickson AD. Communicating radiation risk to patients and referring physicians in the emergency department setting. Br J Radiol 

2016;89. 
6.  Abalo KD, Rage E, Leuraud K, et al. Correction to: early life ionizing radiation exposure and cancer risks: systematic review and meta-analysis 

(Pediatric Radiology, (2021), 51, 1, (45-56), 10.1007/s00247-020-04803-0). Pediatr Radiol 2021;51:157–8. 

7.  Tu LH, Melnick E, Venkatesh AK, et al. Cost-Effectiveness of CT, CTA, MRI, and Specialized MRI for Evaluation of Patients Presenting to the 
Emergency Department With Dizziness. Am J Roentgenol https://doi.org/10.2214/ajr.23.30060. 

8.  Mark DG, Horton BH, Reed ME, et al. Shifts in Diagnostic Testing for Headache in the Emergency Department , 2015 to 2021. 2024;7. 

9.  Rigney GH, King AH, Chung J, et al. Trends in non-focal neurological chief complaints and CT angiography utilization among adults in the 

emergency department. Intern Emerg Med 2024. 

10.  Mehan WA, Shin D, Buch K. Effect of Provider Type on Overutilization of CT Angiograms of the Head and Neck for Patients Presenting to the 

Emergency Department with Nonfocal Neurologic Symptoms. J Am Coll Radiol https://doi.org/10.1016/j.jacr.2023.08.042. 
11.  Poyiadji N, Beauchamp N, Myers D, et al. Diagnostic Imaging Utilization in the Emergency Department: Recent Trends in Volume and Radiology 

Work Relative Value Units. J Am Coll Radiol https://doi.org/10.1016/j.jacr.2023.06.033. 

12.  Sprenger T, Kits A, Norbeck O, et al. NeuroMix—A single-scan brain exam. Magn Reson Med 2022;87:2178–93. 
13.  Johnston SC, Rothwell PM, Nguyen-Huynh MN, et al. Validation and refinement of scores to predict very early stroke risk after transient 

ischaemic attack. Lancet 2007;369:283–92. 

14.  Agresti A, Coull BA. Approximate Is Better than “Exact” for Interval Estimation of Binomial Proportions. Am Stat 1998;52:119–26. 
15.  Rachh P, Pendley AM, Duong PAT, et al. Decreasing CT Acquisition Time in the Emergency Department Through Lean Management Principles. 

Radiographics 2021;41:E81–9. 

16.  Jomaah R, Barrat JA, Tripier R, et al. Iodine footprint: Moving towards environmental responsibility. J Neuroradiol 2023;50:1–2. 
17.  Yan H, Zhang T, Yang Y, et al. Occurrence of iodinated contrast media (ICM) in water environments and their control strategies with a particular 

focus on iodinated by-products formation: A comprehensive review. J Environ Manage 2024;351:119931. 

18.  Brazzelli M, Chappell FM, Miranda H, et al. Diffusion-weighted imaging and diagnosis of transient ischemic attack. Ann Neurol 2014;75:67–76. 
19.  Amin HP, Madsen TE, Bravata DM, et al. Diagnosis, Workup, Risk Reduction of Transient Ischemic Attack in the Emergency Department 

Setting: A Scientific Statement From the American Heart Association. Stroke 2023;54:E109–21. 

20.  Timpone VM, Reid M, Jensen A, et al. Association of Incomplete Neurovascular Imaging After Emergency Department Encounters for Transient 
Ischemic Attack and Odds of Subsequent Stroke: A National Medicare Analysis. Am J Roentgenol 2023;221:673–86. 

21.  Marquardt L, Kuker W, Chandratheva A, et al. Incidence and prognosis of >=50% symptomatic vertebral or basilar artery stenosis: Prospective 

population-based study. Brain 2009;132:982–8. 
22.  Paul NLM, Simoni M, Rothwell PM. Transient isolated brainstem symptoms preceding posterior circulation stroke: A population-based study. 

Lancet Neurol 2013;12:65–71. 

23.  Markus HS, Larsson SC, Kuker SC, et al. Stenting for Symptomatic Vertebral Artery Stenosis: The Vertebral Artery Ischaemia Stenting Trial. J 
Vasc Surg 2018;67:986. 

24.  Edlow JA. Managing Patients With Transient Ischemic Attack. Ann Emerg Med 2018;71:409–15. 

25.  Patel DM, Tubbs RS, Pate G, et al. Fast-sequence MRI studies for surveillance imaging in pediatric hydrocephalus. J Neurosurg Pediatr 
2014;13:440–7. 

26.  Lindberg DM, Stence N V., Grubenhoff JA, et al. Feasibility and accuracy of fast MRI versus CT for traumatic brain injury in young children. 

Pediatrics 2019;144. 
27.  Cohen AR, Caruso P, Duhaime AC, et al. Feasibility of “rapid” magnetic resonance imaging in pediatric acute head injury. Am J Emerg Med 

2015;33:887–90. 

28.  Kessler BA, Goh JL, Pajer HB, et al. Rapid-sequence MRI for evaluation of pediatric traumatic brain injury: A systematic review. J Neurosurg 
Pediatr 2021;28:278–86. 

29.  Delgado AF, Kits A, Bystam J, et al. Diagnostic performance of a new multicontrast one-minute full brain exam (EPIMix) in neuroradiology: A 
prospective study. J Magn Reson Imaging 2019;50:1824–33. 

30.  Nael K, Khan R, Choudhary G, et al. Six-minute magnetic resonance imaging protocol for evaluation of acute ischemic stroke: Pushing the 

boundaries. Stroke 2014;45:1985–91. 
31.  Eisenmenger LB, Peret A, Roberts GS, et al. Focused Abbreviated Survey MRI Protocols for Brain and Spine Imaging. Radiographics 2023;43. 

32.  Clifford B, Conklin J, Huang SY, et al. An artificial intelligence-accelerated 2-minute multi-shot echo planar imaging protocol for comprehensive 

high-quality clinical brain imaging. Magn Reson Med 2022;87:2453–63. 
33.  Lang M, Clifford B, Lo W-C, et al. Clinical Evaluation of a 2-Minute Ultrafast Brain MR Protocol for Evaluation of Acute Pathology in the 

Emergency and Inpatient Settings. Am J Neuroradiol 2024;45:379–85. 



 7 

 

34.  Altmann S, Grauhan NF, Brockstedt L, et al. Ultrafast Brain MRI with Deep Learning Reconstruction for Suspected Acute Ischemic Stroke. 

Radiology https://doi.org/10.1148/radiol.231938. 

35.  Robinson JD, Gross JA, Cohen WA, et al. Operational Considerations in Emergency Radiology. Semin Roentgenol 2020;55:83–94. 

36.  Redd V, Levin S, Toerper M, et al. Effects of fully accessible magnetic resonance imaging in the emergency department. Acad Emerg Med 

2015;22:741–9. 
37.  Buller M, Karis JP. Introduction of a Dedicated Emergency Department MR imaging Scanner at the Barrow Neurological Institute. Am J 

Neuroradiol 2017;38:1480–5. 

38.  Gil H, Tuttle AA, Dean LA, et al. Dedicated MRI in the Emergency Department to Expedite Diagnostic Management of Hip Fracture. Emerg 
Radiol 2020;27:41–4. 

39.  Chang G, Doshi A, Chandarana H, et al. Impact of COVID-19 Workflow Changes on Patient Throughput at Outpatient Imaging Centers. Acad 

Radiol 2021;28:297–306. 
40.  Fiebach JB, Schellinger PD, Gass A, et al. Stroke Magnetic Resonance Imaging Is Accurate in Hyperacute Intracerebral Hemorrhage: A 

Multicenter Study on the Validity of Stroke Imaging. Stroke 2004;35:502–6. 

41.  Kidwell CS, Chalela JA, Saver JL, et al. Comparison of MRI and CT for detection of acute intracerebral hemorrhage. JAMA 2004;292:1823–30. 
42.  Antipova D, Eadie L, MacAden A, et al. Diagnostic accuracy of clinical tools for assessment of acute stroke: A systematic review. BMC Emerg 

Med 2019;19:1–11. 

 

 

Table 1: Patient Demographics and Presenting Symptoms 

 
Age (yrs) 

Mean 
66.7 

SD 
15.9 

 
Total 

N  
174 

% 
100 

Gender 
  F 
  M 

 
97 
77 

 
55.7 
44.3 

Race   

  White 82 47.1 
 Asian 42 24.1 

  Latino 23 13.2 
  Black 6 3.4 
  Native Hawaiian  
      or Other Pacific Islander 

 
2 

 
1.1 

  Other 10 5.7 
  Multiple Races 8 4.6 
  Decline to State 1 0.6 

Emergency 131 75.3 

Inpatient  43 24.7 

   

Presenting Symptoms   

*ABCD2+ 70 31.2 
    Unilateral Weakness 44  

    Speech Difficulty 26  

Non-ABCD2 90 60.6 
  **Sensory Abnormality 23  

  ***Dizziness 22  
  ^Altered Mental Status 20  

^^Gait Abnormality 10  

Headache 9  

Vision Loss 5  

   Other 14 8.2 

^^^Follow-up 11  

Trauma 3  

* ABCD2+: symptoms scored by the ABCD2 TIA assessment tool.  

** Numbness, tingling, tremor, pain, dysphoria, lightheadedness, blurry vision.  

*** Dizziness, disequilibrium, vertigo.  
^ Altered mental status, confusion, general weakness, unresponsiveness.  

^^ Ataxia, balance issues, unsteadiness, difficulty walking.  

^^^ Intracranial hemorrhage, infarct, vasculitis.  
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Table 2. Imaging Findings 

    N (174) %  

Normal     43 24.7 

Chronic     10 5.9 
Potentially Relevant*    121 68.8 

Structural    98 55.9 

Angiographic     59 33.5 
Unique Findings on Conventional MRI    16 9.4 

Structural Findings** 

CT and 
NeuroMix 
Equivalent 

(N) 

NeuroMix 
Unique  

(N) 

CT 
Unique 

(N) 

 
N 

 
% 

Infarct 22 37 0 59 34.1 
Microhemorrhages 0 25 0 25 13.5 

Intracranial Hemorrhage 23 0 0 23 13.5 

Mass 6 0 0 6 3.5 
CT reported acute infarct which was 

disproved by MRI 0 4 
 
0 4 2.4 

Angiographic Findings*** 

CTA / MRA 
Equivalent 

(N) 

MRA 
Unique 

(N) 

 

CTA 
Unique 

(N) N % 
Stenosis / Occlusion 30 0 8^ 38 22.4 

Aneurysm 14 2 0 16 9.4 

Procedural Changes 6 0 0 6 3.5 
Discrepant Angiographic^^ 0 2 0 2 1.2 

Shunting Lesion 1 0 0 1 0.6 
* 41 cases with potentially relevant findings had both structural and angiographic findings.  
** 15 cases with structural findings had >1 finding. 

*** 3 cases with angiographic findings had >1 finding. 

^ 3 cases of >50% carotid bulb stenosis and 5 cases of proximal vertebral artery stenosis by CTA were outside the FOV of the intracranial MRA. 
^^ CTA incorrectly reported 1 case of reversible cerebral vasospasm syndrome and 1 case of aneurysm that were normal on subsequent MRA. 
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SUPPLEMENTAL MATERIALS: 

Online Supplemental Data. CTAHN and NeuroMix MR Comparison: Subgroup Analysis 

 

2.5 min 

__NeuroMix Only__ 

 
7.5 min  

__NeuroMix+MRA__ 

 

Full Cohort (N=174) 
N % Walds CI N % Walds CI 

Equivalent 63 36.2 29.4, 43.6 104 59.8 52.3, 66.8 
CTA Unique 51 29.3 23.1, 36.5 8 4.6 2.2, 9 
NeuroMix Unique 60 34.5 27.8, 41.8 62 35.6 28.9, 43 
       

Stroke-code (N = 106)*       

Equivalent 32 30.2 22.3, 39.5 63 59.4 49.9, 68.3 
CTA Unique 35 33.0 24.8, 42.5 4 3.8 1.2, 9.7 

NeuroMix Unique 39 37.9 29.1, 47.5 39 37.9 29.1, 47.5 
       
NIHSS 0 (N=27)       

Equivalent 7 25.9 13.1, 45 15 55.6 37.3, 72.4 
CTA Unique 11 40.7 24.6, 59.3 3 11.1 3.2, 29.1 
NeuroMix Unique 9 36.0 20.3, 55.6 9 36.0 20.3, 55.6 

       
NIHSS 1-6 (N=51)       
Equivalent 17 33.3 22, 47.1 33 64.7 50.9, 76.3 

CTA Unique 16 31.4 20.3, 45.1 0 0.0 0, 8.6 
NeuroMix Unique 18 35.3 23.7, 49.1 18 35.3 23.7, 49.1 
       

NIHSS > 6 (N=26)       
Equivalent 7 26.9 13.6, 46.4 13 50.0 32.1, 67.9 
CTA Unique 7 26.9 13.6, 46.4 1 3.8 0, 20.7 

NeuroMix Unique 12 48.0 30.1, 66.5 12 48.0 30.1, 66.5 
       
Non-Stroke Code (N=68)       

Equivalent 31 45.6 34.3, 57.3 41 60.3 48.4, 71.1 
CTA Unique 16 23.5 15, 35 4 5.9 1.9, 14.7 
NeuroMix Unique 21 30.9 21.2, 42.7 23 33.8 23.7, 45.7 

       
ABCD2+ Symptoms (N=70)**       
Equivalent 24 34.3 24.3, 46 40 57.1 45.5, 68 

CTA Unique 20 28.6 19.3, 40.1 4 5.7 1.9, 14.3 
NeuroMix Unique 26 37.1 26.8, 48.9 26 37.1 26.8, 48.9 
       

Non-ABCD2 Symptoms (N=90)       
Equivalent 33 36.7 27.5, 47 58 64.4 54.1, 73.5 
CTA Unique 30 33.3 24.5, 43.6 4 4.4 1.4, 11.3 

NeuroMix Unique 27 30.0 21.5, 40.2 28 31.1 22.5, 41.3 

*Two cases with stroke code did not have an NIHSS documented 

** ABCD2+ symptoms included unilateral motor weakness and/or speech difficulty.  Non-ABCD2 symptoms include all others, including sensory 

symptoms. 14 cases were not included as they were follow-up studies and symptoms were not involved in the decisions to perform imaging. 

 


