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Abbildungsverzeichnis: 
 

Figure 1 

Illustration of the basic methodology for the time-shift analysis (TSA). 

 
Figure 2 
Illustration of the generation of BOLD delay maps at the full-length scan 
 
Figure 3 

Distribution of Correlation Coefficient as the spatial overlap metric 

 
Figure 4 

Sensitivity of shorter scans to detect hypoperfusion lesions across comparison 
pairs for two separate readers. 

 
 
Abkürzungen: 

BOLD: Blood Oxygen Level Dependent 

fMRI: Functional Magnetic Resonance Imaging 

NIRS: Near-infrared Spectroscopy 

sLFOs: systemic Low Frequency Oscillations 

DSC-MRI: Dynamic Susceptibility Contrast Magnetic Resonance imaging 

DWI: Diffusion-weighted Imaging 

FD: Framewise Displacement 

DSC: Dice Similarity Coefficient 

PCC: Pearson Correlation Coefficient 

KW: weighted Cohen's Kappa 

LoA: Limits of Agreement 

CI: Confidence Interval 
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MTT: Mean Transit Time 

ASL: Arterial Spin Labelling 

EPI: Echo-planar Imaging 

TR: Repetition Time 

TE: Echo Time 
 

TIA: Transient Ischemic Attack 

RIPTiDe: Regressor Interpolation at Progressive Time Delays 

AFNI: Analysis of Functional Neuroimages 

FSL: FMRIB (functional magnetic resonance imaging of the brain) Software 
Library 

FOV: Field Of View 

ANTs: Advanced Normalization Tools 

IQR: Interquartile Range 

OR: Odds Ratio
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Zusammenfassung 
 

Einleitung: 

Die nicht-invasive Erkennung von Hypoperfusionen mithilfe der "BOLD �ÄEORRG- 

oxygenation-level-GHSHQGHQW³��Delay" ist eine relativ neue Methode. Frühere 

BOLD Delay Studien verwendeten längere Scans als für etablierte 

Perfusionsbildgebungsmethoden üblich. Der Effekt der Verkürzung dieser Scans 

ist noch nicht bekannt. Hier haben wir systematisch den Einfluss der Scanlänge 

auf die Beurteilung der Hirnperfusion mit BOLD delay bewertet. 

 
Methode: 
63 Patienten mit akutem Schlaganfall unterzogen sich einem Standardprotokoll 

für die Schlaganfall Bildgebung, einschließlich eines Multiband EPI Scans for 

BOLD Delay Mapping (CMRR, TR / TE = 400/30 ms, Flipwinkel 43 °, Multiband- 

Faktor = 6, dreißig 4,0-mm-Schnitte, Erfassungszeit : 340s). Um eine 

repräsentative klinische Population zu spiegeln, wurden Patienten aufgrund von 

Kopfbewegungen nicht ausgeschlossen. Eine Untergruppe von 43 Patienten mit 

sichtbarer Hypoperfusion auf BOLD Delay Maps wurde für die quantitative 

Analyse ausgewählt. 

 

Die Resting-state Daten (rsfMRI) von 63 Patienten mit akutem ischämischen 

Schlaganfall wurden in 5 progressiv verkürzte Scan Segmente unterteilt. Die 

Qualität und der diagnostische Nutzen der von jedem Segment erzeugten BOLD 

Delay Maps wurden von zwei Radiologen bewertet. Für den qualitativen 

Vergleich kürzerer Scans mit dem durchgehenden Scan Segment wurden binäre 

logistische und ordinale gemischte Modelle durchgeführt. Wir analysierten auch 

den Effekt der Scanlänge auf das Volumen der Hypoperfusion Läsionen unter 

Verwendung des Bland-Altman-Diagramms und lineare gemischte Modelle für 

die quantitative volumetrische Analyse der Untergruppe. Kopfbewegungen 

wurden in den gemischten Modellen immer berücksichtigt. 
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Ergebnisse: 

Logistische und ordinale gemischte Modelle zeigten, dass eine Verkürzung der 

Scanlänge um 60% die Qualität der BOLD Delay Maps (OR 0,3 [0,2, 0,46]) und 

ihre Sensitivität für die Erkennung von Hypoperfusionen (OR 0,33 [0,18, 0,59]) 

drastisch verringerte. Lineare gemischte Modelle zeigten jedoch, dass 

verschiedene Scan Segmente nicht systematisch mit der volumetrischen 

Schätzung von Hypoperfusion Läsionen assoziiert waren. Kopfbewegung 

beeinträchtigt Struktur Klarheit und vermehrt Bildrauschen.  

Diskussion: 

Diese Studie untersuchte systematisch den Effekt der Reduzierung der Scanzeit 

auf die diagnostische Qualität der BOLD Delay Maps bei akutem Schlaganfall. 

Zur Beurteilung der Perfusion mithilfe der BOLD Delay kann die Scanzeit auf 3 

Minuten und 24 Sekunden reduziert werden, ohne dass die Diagnosestellung 

und die Bildqualität wesentlich beeinträchtigt werden. Die Schätzungen des 

Volumens der Hypoperfusion Läsionen waren bis zu einer Scanzeit von 1 Minute 

und 8 Sekunden robust. Unsere Ergebnisse sind ein wichtiger Schritt in Richtung 

Kontrastmittel-freie BOLD Delay Technik zur Erkennung von Hypoperfusionen. 
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Abstract 
 
Background: 

Noninvasively detecting hypoperfusion using blood oxygen level dependent 

(BOLD) delay is a relatively new method. Previous BOLD delay studies used 

longer scans than typical of established perfusion imaging methods. The effect of 

shortening these scans is not yet known. Here, we systematically evaluated the 

impact of scan length on brain perfusion assessment with BOLD delay. 

 
Method: 

Sixty-three acute stroke patients underwent a standard stroke imaging protocol 

including multiband EPI scans for BOLD delay mapping (CMRR, TR/TE=400/30 

ms, flip angle 43°, multiband factor=6, thirty 4.0-mm slices, acquisition time: 

340s). To reflect a representative clinical population, patients were not excluded 

based on head motion. A subset of 43 patients with visible hypoperfusion on 

BOLD delay maps were selected for quantitative analysis. 
 

 

Resting state functional MRI (rsfMRI) data of 63 patients with acute ischemic 

stroke were divided into 5 progressively shortened scan segments. The quality 

and diagnostic utility of the BOLD delay maps generated by each segment were 

assessed by two readers. Binary logistic and ordinal mixed effects models were 

executed for the qualitative comparison of shorter scans with the full-length scan. 

We also analyzed the effect of scan length on the hypoperfusion lesion volumes 

using Bland-Altman plot and linear mixed effects models for the quantitative 

volumetric analysis of the subset group. Head motion was always accounted for 

in the mixed effects models. 
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Results: 

Binary logistic and ordinal mixed effects models showed that shortening the scan 

length by 60% diminished the quality of the maps (OR 0.3 [0.2, 0.46]) and their 

sensitivity to hypoperfusion detection (OR 0.33 [0.18, 0.59]) drastically. However, 

linear mixed effects models revealed that various scan segments were not 

systematically associated with volumetric estimation of lesions. Head motion 

adversely altered noise and structure clarity on the BOLD delay maps. 

 
Discussion: 

This study methodically assessed the effect of scan time reduction on the 

diagnostic quality of BOLD delay perfusion mapping in acute stroke. For 

assessment of perfusion using BOLD delay, scan time can be reduced to 3 min 

24 sec without a significant loss of diagnostic accuracy and image quality. 

Hypoperfusion lesion volume estimates were robust down to 1 min 8 sec scan 

time. Our results provide an important step towards the implementation of 

contrast agent-free BOLD delay mapping for detecting hypoperfusion. 
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Background: 
 

Definition of stroke: 

The current World Health Organization definition of stroke (introduced in 1970 

and still used) is ³UDSLGO\ developing clinical signs of focal (or global) disturbance 

of cerebral function, lasting more than 24 hours or leading to death, with no 

apparent cause other than that of vascular origin (1). 

Another updated definition has also been made recently: ³6WURNH�LV�FODVVLFDOO\�

characterized as a neurological deficit attributed to an acute focal injury of the 

central nervous system (CNS) by a vascular cause, including cerebral infarction, 

intracerebral hemorrhage (ICH), and subarachnoid hemorrhage (SAH), and is a 

major cause of disability and death worldwide (2). 

Epidemiology: 
 

In 2019, ischaemic heart disease and stroke were the top-ranked causes of 

disability-adjusted life-years (DALYs) in both the 50±74-year and 75-years-and- 

older age groups (3). 

Stroke is worldwide and in Germany the second leading cause of death and one 

of the most common causes of disability in adulthood (Robert Koch-Institut 

(Hrsg.) (2015) Kapitel 2.3.2: Schlaganfall. In: Gesundheit in Deutschland. 

Gesundheitsberichterstattung des Bundes. Gemeinsam getragen von RKI und 

Destatis. RKI, Berlin, S. 43±50) (4). 

The 12-month prevalence of a stroke or chronic complaints as a result of a stroke 

in people under 55 years have been shown to be less than 1%. After that, it rises 

disproportionately to 6.4% for women and 6.1% for men aged 75 and over (12- 

Monats-Prävalenz von Schlaganfall oder chronischen Beschwerden infolge eines 

Schlaganfalls in Deutschland rki). 

As noted earlier, the risk of stroke increases with age and doubles over the age 

of 55 years in both men and women (5). Although it has been known that one of 

https://sciwheel.com/work/citation?ids=9672740&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=2237086&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4267532&pre&suf&sa=0
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GesInDtld/GesInDtld_inhalt.html
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GesInDtld/GesInDtld_inhalt.html
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GesInDtld/GesInDtld_inhalt.html
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GesInDtld/GesInDtld_inhalt.html
https://sciwheel.com/work/citation?ids=8212709&pre&suf&sa=0
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GBEDownloadsJ/FactSheets/JoHM_2017_01_gesundheitliche_lage5.pdf?__blob=publicationFile&%3A~%3Atext=Die%2012%2DMonats%2DPr%C3%A4valenz%20eines%2Cvon%2075%20Jahren%20und%20%C3%A4lter
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GBEDownloadsJ/FactSheets/JoHM_2017_01_gesundheitliche_lage5.pdf?__blob=publicationFile&%3A~%3Atext=Die%2012%2DMonats%2DPr%C3%A4valenz%20eines%2Cvon%2075%20Jahren%20und%20%C3%A4lter
https://www.rki.de/DE/Content/Gesundheitsmonitoring/Gesundheitsberichterstattung/GBEDownloadsJ/FactSheets/JoHM_2017_01_gesundheitliche_lage5.pdf?__blob=publicationFile&%3A~%3Atext=Die%2012%2DMonats%2DPr%C3%A4valenz%20eines%2Cvon%2075%20Jahren%20und%20%C3%A4lter
https://sciwheel.com/work/citation?ids=10755325&pre&suf&sa=0
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the most predisposing factors to stroke is an older age, stroke may occur at 

younger ages too. 

 
 
 

Pathophysiology: 
 

Stroke is caused by deficient blood and oxygen supply to the brain. In ischemic 

stroke the cause of that deficient supply is a blocked vessel. Hemorrhagic stroke, 

however, is because of bleeding or leaky blood vessels (5). 

Ischemic stroke: 
 

Ischemic occlusions contribute to around 85% of casualties of stroke cases. 

Ischemic occlusion is generated by thrombotic and embolic conditions in the 

brain. In an embolic stroke, the blood flow to the brain region decreases following 

an embolism; the blood flow to the brain reduces, causing severe stress and 

ultimately cell death (necrosis) (5). Necrosis is followed by disruption of the 

plasma membrane, organelle swelling and leaking of cellular contents into 

extracellular space (6), and loss of neuronal function. 

Hemorrhagic stroke: 
 

Hemorrhagic stroke accounts for approximately 10±15% of all strokes and has a 

high mortality rate. In 2015, about 3.0 million deaths resulted from ischemic 

stroke while 3.3 million deaths resulted from hemorrhagic stroke (7). In this 

condition, stress in the brain tissue and internal injury cause blood vessels to 

rupture. It produces toxic effects in the vascular system, resulting in infarction 

(8). It is classified into intraparenchymal and subarachnoid hemorrhage. 
 
 
 

 
                                                                                                                           

https://sciwheel.com/work/citation?ids=10755325&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=10755325&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1077541&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=311168&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4640801&pre&suf&sa=0
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Complications: 
Stroke may result in countless complications where detection of the early signs of 

it becomes crucial (9). 

One of the most severe complications is cerebral edema (CED). It is the cause of 

death in 5% of all patients with cerebral infarct (10). The formation of cerebral edema 

includes three stages (cytotoxic edema, ionic edema, and vasogenic edema) (11) 

. Vasogenic edema is extracellular accumulation of water. It arises from an 

increased permeability of the blood-brain barrier and in this context by the 

passage of plasma from the vessels into the interstitium (12). Both forms of 

edema lead to an increase in intracerebral pressure, which can lead to pressure- 

related complications, such as herniations. 

 
 
Imaging as diagnosis of stroke: 

 
There are multiple ways for detecting stroke, but CT, especially non-contrast, and 

MRI are the most commonly used methodologies in emergency medicine. 

Studies suggest that non-contrast CT is insufficiently sensitive for the diagnosis 

of acute ischaemia, is subject to substantial inter-rater variability in interpretation, 

and might not be better than MRI for detection of acute intracranial haemorrhage. 

(13) (14). 
 

MRI offers advantages for the assessment of acute stroke. Changes of acute 

ischaemic injury are detectable sooner with MRI, especially with diffusion- 

weighted imaging, and ischaemic stroke diagnosis with MRI has greater 

interobserver and intraobserver reliability, even in readers with little experience. 

(15) (16). 
 

It has been also shown that MRI has a higher sensitivity than CT for all acute 

strokes and for acute ischaemic stroke (17).

https://sciwheel.com/work/citation?ids=586311&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=585927&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=8865516&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=3167333&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=886043&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4687874&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=3178901&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=2924108&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1069317&pre&suf&sa=0
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Hypoperfused area and detection of penumbra: 
 

Following the occlusion of a brain artery, the blood flow is reduced in that local 

area. However, there is an area called the ischemic penumbra which is 

characterized by severely reduced blood flow where salvation of the normal 

electrical neural activity is still possible (18). The penumbra represents the tissue 

at risk of being permanently damaged as time passes. Its detection allows 

treatment of patients who would otherwise be excluded, such as those 

presenting beyond conventional time windows or without detectable infarction at 

presentation (19) (20). 

The detection of the penumbra allows us to assess the perfusion-diffusion 

mismatch which is a widely-used measure while deciding for an appropriate 

treatment during an ischemic condition in an acute clinical setting (21). There are 

multiple approaches that can be used to visualize the penumbra in clinical 

practice . Dynamic susceptibility contrast MRI (DSC-MRI) is used most 

commonly, where a paramagnetic contrast agent (usually gadolinium-based) is 

injected intravenously. However, this technique has its limitations, e.g. potential 

side effects of gadolinium. These include kidney damage (22) and long-term 

deposition in the brain (23), the consequences of these are yet to be understood 

fully. 

Another commonly used method that does not require an exogenous contrast 

agent is arterial spin labeling (ASL). But it has certain drawbacks compared to 

DSC-MRI, including low SNR and an innate sensitivity to head motion (24). 

These make it difficult to interpret the results in patients with severe 

atherosclerotic disease affecting the large vessels when the time it takes the 

labeled blood to travel from the labeling area to the measurement area is 

unknown (25). Drawbacks of existing methods have motivated a search for new 

https://sciwheel.com/work/citation?ids=6006945&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6007064&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=12381712&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6006745&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=3942365&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4914168&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6007273&pre&suf&sa=0
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techniques for perfusion measurement in brain which could be applicable in 

clinical practice such as the use of blood-oxygenation-level-dependent (BOLD) 

signal as an endogenous source of blood flow contrast where intravenous 

contrast agent is not needed (26). 

 
 

Bold delay method as perfusion measurement technique in brain: 
 

The effect of deoxyhemoglobin on R2* is the basis of the BOLD signal. BOLD 

signal fluctuations occurring in low frequencies (between 0.01 and ~0.1 Hz) 

represent non-neural signals that can also be measured using NIRS (near- 

infrared spectroscopy) (27). 

The non-neuronal low frequency oscillations, referred to as systemic low- 

frequency oscillations (sLFOs) (27±32), reflect the passage of cerebral blood via 

their propagation from the periphery to and through the brain (27). Therefore, 

sLFOs have been shown to provide similar information about local blood flow 

disturbances to DSC-MRI in diseases such as ischemic stroke (20) (33) (26,34± 

36), transient ischemic attack (TIA) (37), Moyamoya disease (38) and patients 

with other chronic cerebrovascular diseases such as carotid occlusion (39). 

These local blood flow disturbances are reflected as the delay in the arrival of 

sLFOs to a certain voxel relative to their arrival in a reference region, defined as 

BOLD delay. 

 
 

Research goals and objectives: 
 

The clinical applicability of BOLD delay is still limited due to its long acquisition 

time. Studies utilizing BOLD delay for brain perfusion assessment varied widely 

in scan duration, between 3.36 and 30 minutes (20) (33) (26) (34±36) (38) (40) 

(31,41). These studies had longer acquisition times than those typical of DSC-

MRI (~2 min). 

https://sciwheel.com/work/citation?ids=6004538&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=2692525&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=2692525%2C2692338%2C4972244%2C6006698%2C6004561%2C6004658&pre&pre&pre&pre&pre&pre&suf&suf&suf&suf&suf&suf&sa=0%2C0%2C0%2C0%2C0%2C0
https://sciwheel.com/work/citation?ids=2692525&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004533&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004538%2C6004682%2C6004560%2C6662348&pre&pre&pre&pre&suf&suf&suf&suf&sa=0%2C0%2C0%2C0
https://sciwheel.com/work/citation?ids=6004538%2C6004682%2C6004560%2C6662348&pre&pre&pre&pre&suf&suf&suf&suf&sa=0%2C0%2C0%2C0
https://sciwheel.com/work/citation?ids=6041981&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1534126&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6005113&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004533&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004538&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004682%2C6004560%2C6662348&pre&pre&pre&suf&suf&suf&sa=0%2C0%2C0
https://sciwheel.com/work/citation?ids=1534126&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004886&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004561%2C6004891&pre&pre&suf&suf&sa=0%2C0
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This variability could be because a systematic evaluation of the effect of scan 

length on BOLD delay mapping is lacking, thus a consensus on optimal scan 

duration for detecting hypoperfusion under various clinical circumstances (e.g. 

acute and chronic stroke) has not yet been reached. 

This study focuses on evaluating the impact of scan length on various features 

of BOLD delay maps generated using the BOLD delay method for assessing 

brain perfusion in acute stroke patients. These features were the lesion volume 

estimation, diagnostic accuracy and image quality. 

This study should also be regarded as a revalidation of a relatively new 

technique called Time Shift Analysis for systematically analyzing above 

mentioned low-frequency oscillations. With the help of the Time Shift Analysis, 

we were able to track the arrival of these oscillations to a certain voxel in 

comparison to the reference region if there is a blood flow disturbance. This 

helped us generate BOLD delay maps. The details of the Time Shift Analysis is 

explained below in the Methods section. 

Our study used multiband echo planar imaging which has never been applied in 

other BOLD delay studies assessing brain perfusion. It pushes the temporal 

resolution of MRI high enough for the assessment of local hemodynamic 

response of sLFOs while removing the aliasing signals from the high frequency 

range as much as possible. The importance of using a higher TR in order to 

eliminate aliasing signals more effectively is explained in more detail in the 

following chapters. 

Furthermore, we were able to assess the interrater agreement of this brand new 

method for brain perfusion measurement. We asked two expert neuroradiologists 

to evaluate plenty of BOLD delay maps and judge their interpretability and other 

various qualitative features of the maps. We compared the interrater agreement 

of the BOLD delay method with ASL (arterial spin labeling) which is used for 
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brain perfusion assessment and does not require intravenous contrast injection 

as well. 

 
 

Method: 
 

Systemic low-frequency-oscillations and the Time-Shift Analysis: 
 

A substantial part of the measured BOLD signal is generally below 0.15 Hz (42), 

since it represents a convolution of fast synaptic activity with the local slow 

hemodynamic changes occuring in response to that activity (43). However, 

neuronal signals are not the only contributors to BOLD signals at this low 

frequency band, and sLFOs are regarded as one of those non-neuronal 

fluctuations in brain hemodynamics. They are unavoidable, spontaneous, 

physiological oscillations, propagate with the blood and have an extracerebral 

origin, accounting for 20 to 70% variance in the BOLD signal itself (44). Fast 

respiratory and cardiac fluctuations are known to alias in sLFOs and may 

contribute to this variance (28,30±32,45), along with variations in heart-rate and 

respiratory volume (46) . They oscillate at the same frequencies as neuronal and 

local vascular LFOs and cause changes in R2* that are similar to those caused 

by neurovascular coupling, unlike the much faster BOLD signal changes caused 

by cyclical cardiac and respiratory activity (47) . Their spatial and temporal 

distribution closely resembles cerebral blood flow, traveling from the arteries 

through the gray matter to the veins in about 6 seconds, similar to the time it 

takes for blood to pass through the brain (48). Therefore the use of simultaneous 

multislice acquisition protocols, for example multiband echo planar imaging , 

pushing the temporal resolution of MRI high enough, has become significant in 

removing this physiological noise from the low-frequency band (49) (50) (46) 

(51). 

https://sciwheel.com/work/citation?ids=282592&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=23803&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4914176&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=2692338%2C4500514%2C6004561%2C6004658%2C6006698&pre&pre&pre&pre&pre&suf&suf&suf&suf&suf&sa=0%2C0%2C0%2C0%2C0
https://sciwheel.com/work/citation?ids=845541&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=3545136&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6006560&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=23421&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4857846&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=845541&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=3439284&pre&suf&sa=0


16  

Multiple processing methods have been suggested for the extraction of sLFOs 

for each voxel. This study uses the Time Shift Analysis where each voxel was 

assigned a correlation coefficient showing the relationship between the reference 

signal and the time shift occurring in that voxel at each TR (repetition time) (Fig 

1). So for each participant, we got a time-shift map, here we referred to them as 

BOLD delay maps. If the time-shift value is smaller than zero, it means the 

BOLD signal in this voxel has a time delay to the reference time course. If the 

time-shift value is larger than zero, it means the BOLD signal in this voxel 

precedes the reference time course (52). 

The reference mentioned above can be the average signal from the entire brain 

(20,35,38), the healthy hemisphere (26), the major venous sinuses (20), or a 

recursively-generated signal (53) (29). Then a cross-correlation procedure is 

used to determine the delay time between this peripheral signal and the time 

course of each voxel in this reference signal. 
 

https://sciwheel.com/work/citation?ids=6005418&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531%2C1534126%2C6004560&pre&pre&pre&suf&suf&suf&sa=0%2C0%2C0
https://sciwheel.com/work/citation?ids=6004538&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6007036&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4972244&pre&suf&sa=0
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Figure 1: Illustration of the basic methodology for the time-shift analysis (TSA). 
For each voxel in the brain, we extracted the time course of this voxel, and then 
we shifted the time course, i.e. from -6.9s to +6.9s. During the shifting, we 
calculated the correlation coefficients between the shifted time course of each 
voxel and the reference time course at each TR. Then for each voxel, we 
identified the maximal correlation value and assigned the time-shift value which 
showed maximal correlation to the reference time course to this voxel. After the 
calculation, each voxel was assigned a value based on the time-shift required to 
the maximal correlation coefficient. 
Reproduced from Lv et al., 2018 

 
 
 
 

 

 

 



 

18  

We created an EPI template as a reference. Resting-state EPI datasets (mean 

across 150 volumes) were registered to standard MNI space using FSL FLIRT 

(FMRIB's Linear Image Registration Tool, with 6 degrees-of-freedom) to place 

the images in the same orientation. The mean of these images (across patients) 

was used as an intermediate template, to which the original images were once 

again registered using an affine (12-degree-of-freedom) transformation. This 

procedure was performed three times and the output of the third iteration was the 

final EPI template (20) . We preferred a venous sinus template as a reference 

time series over the whole brain signal. This is because it was shown that the 

use of the venous sinus template has been better correlated with the perfusion 

maps acquired by DSC-MRI in both chronic cerebrovascular disease (38) and 

acute stroke (20). 

sLFOs' dynamic nature has allowed scientists to apply them in the evaluation of 

circulation extensively. The assessment of healthy circulation using the signal in 

the carotid artery as a reference (32), chronic circulatory pathologies in 

Moyamoya patients (38), other pathologies and diseases where there are rather 

subtle changes in brain circulation such as Alzeihmer's disease (54) and epilepsy 

(55), hemodynamic changes after vessel recanalization (56) and ischemic stroke 

(20,26,33±36). 

 
 
 

Imaging protocol: 
In this study a Siemens (Erlangen, Germany) Tim Trio 3 Tesla (T) MR scanner 

and applied a standard stroke MRI protocol (22). The sequence parameters for 

the multiband EPI scan (University of Minnesota sequence cmrr_mbep2d_bold 

R008 (23,24) were: [850 (resting state) time points, TR/TE=400/30 ms, flip angle 

43°, matrix=64 × 64 on a 192 × 192 mm field of view (FOV), multiband factor=6, 

thirty 4.0 mm slices (acquisition time: 5 min 40 sec (340s)].  

https://sciwheel.com/work/citation?ids=6004531&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1534126&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004658&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1534126&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6007579&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6007366&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6005285&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004531%2C6004538%2C6004560%2C6004533%2C6662348%2C6004682&pre&pre&pre&pre&pre&pre&suf&suf&suf&suf&suf&suf&sa=0%2C0%2C0%2C0%2C0%2C0
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During the scan, patients were asked to relax, lie still, and close their eyes. 

We used a multiband scan which helped scanning with high temporal resolution 

(57) (58). It has the advantage of allowing high-frequency cardiac and respiratory 

activity to be filtered out of the data. 

 

Image preprocessing and creation of BOLD delay maps: 
 

Preprocessing was performed on resting-state data of differing lengths in 

accordance with Lv et al. (26) using FSL (https://fsl.fmrib.ox.ac.uk/fsl) and AFNI 

(https://afni.nimh.nih.gov/afni) which comprises the removal of the first 25 

volumes (10s) followed by shortening the full scan (330s) to 4 sets of source data 

of various scan lengths (68s, 136s, 204s, 272s), which are referred to as the 0.2, 

0.4, 0.6, 0.8 scan segments respectively. Furthermore, volume realignment to the 

first volume, and regression of the effect of three rigid body translations and three 

rotations were performed. Spatial smoothing with a 6-mm gaussian kernel and 

band pass temporal filtering (0.01-0.15 Hz) were performed as well. Two 

separate metrics of head motion were calculated: mean framewise displacement 

(FD) and maximum FD (25) and rescaled (multiplied by 10) to increase the 

comparability of the measurement with the rest of the covariates in the mixed 

effects model. 

This measure indexes the movement of the head from one volume to the next, 

and is calculated as the sum of the absolute values of the differentiated 

realignment estimates (by backwards differences) at every time point (59) . FD 

for the first volume of a run is 0 by convention. The purpose of this measure is to 

index head movement, not to precisely calculate or model it. 

Rapidtide (https://github.com/bbfrederick/rapidtide), for the extraction of sLFOs 

for each voxel, was used for the generation of BOLD delay maps. Since it was 

shown that the delays in acute stroke patients tend to be long, we preferred a 

https://sciwheel.com/work/citation?ids=5718680&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1115202&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6004538&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1374987&pre&suf&sa=0
https://github.com/bbfrederick/rapidtide
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longer tracking range (20,56). BOLD delay maps were thresholded to 0 sec, 2.3 

sec, and 4.6 sec separately. BOLD delay maps were generated from the data of 

each scan (Fig.2) segment for each patient and registered to an echo-planar 

imaging (EPI) template derived from a similar cohort of stroke patients (20,56). 

AntsRegistrationSyn script was applied (http://stnava.github.io/ANTs/) for a multi-

step registration procedure (rigid ĺ affine ĺ deformable) (60). Double 

assessment methodology was used on the evaluation of the infarct lesions on 

the diffusion-weighted images (DWI), where they were manually delineated 

using MRIcro (version 1.4; Chris Rorden) by a stroke researcher and then 

checked by an experienced neuroradiologist. Consequently, the DWI and the 

delineated infarct lesions were coregistered to the same template space using 

ANTs (infarct lesions were masked during the registration process). Visual 

inspection of all the registrations then followed as a quality control measure. 

 

Brief explanation of the comparison of BOLD delay maps at different lengths: 
 
 

After having obtained the BOLD delay maps at different thresholds, we analyzed 

them qualitatively and quantitatively. 

For the comparison of the maps quantitatively, we used Dice Similarity 

Coefficient (DSC) and Pearson Correlation Coefficient (PCC). The DCS is a 

statistical tool which measures the similarity between two sets of data. Simply 

put, the Dice Coefficient is 2 * the Area of Overlap divided by the total number of 

pixels in both images . Pearson's correlation (also called Pearson's R) is a 

correlation coefficient commonly used in linear regression for calculating how 

strong a relationship is for two variables. The result can be between +1 and -1. 

+1 indicates a strong positive relationship and -1 shows a strong negative 

relationship. 

https://sciwheel.com/work/citation?ids=6004531%2C6005285&pre&pre&suf&suf&sa=0%2C0
https://sciwheel.com/work/citation?ids=6005285%2C6004531&pre&pre&suf&suf&sa=0%2C0
http://stnava.github.io/ANTs/
https://sciwheel.com/work/citation?ids=6042033&pre&suf&sa=0
https://www.statisticshowto.com/probability-and-statistics/regression-analysis/find-a-linear-regression-equation/
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Following the calculation, a linear mixed model was executed for pair-wise 

comparison of the DSC value while controlling for head motion. 

The hypoperfusion lesions that were defined by these BOLD delay maps were 

compared using Bland Altman analysis for assessing the agreement between 

shorter scans with the full length scan on the volumetric estimation of lesions. 

Bland and Altman introduced the Bland-Altman (B&A) plot to describe agreement 

between two quantitative measurements. They established a method to quantify 

agreement between two quantitative measurements by constructing limits of 

agreement (61). These statistical limits are calculated by using the mean and the 

standard deviation (s) of the differences between two measurements. To check 

the assumptions of normality of differences and other characteristics, they used a 

graphical approach (62). Consecutively, linear mixed effects models were used 

for measuring the scan length's impact on the volumetric measures of lesions. 

Furthemore, we compared the maps qualitatively. We asked two expert 

neuroradiologists to evaluate plenty of BOLD delay maps' produced at different 

scan lengths. The raters were blinded to all patient data and to the length of the 

VFDQV��7KH\�HYDOXDWHG�WKH�LQWHUSUHWDELOLW\�RI�WKH�PDSV�ZLWK�D�³\HV´�DQG ³QR´��

Furthermore, the raters were asked to assess how noisy the BOLD delay maps 

were (on a scale of 1 to 3, with 3 indicating the highest level of noise) and how 

clear certain structures such as the ventricles were on the map (on a scale of 1 to 

3, with 3 indicating the highest structure clarity). We provided them with some 

H[DPSOHV�RQ�ZKDW�³JRRG´�DQG�³�EDG´�PDSV�DUH��%DVHG�RQ�WKDW��WKH\�ILOOHG�WKH�

excel-sheet provided. The results were furthermore assessed with inter-reader 

agreement using weighted Cohen's Kappa (KW) (63). Cohen's kappa is a widely 

used index for assessing agreement between raters. The kappa index assesses 

both the bias and the precision between raters' ratings which leads to a more 

precise calculation of the inter-rater agreement (64). 
 

https://sciwheel.com/work/citation?ids=1211578&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=3469142&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1308468&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4914544&pre&suf&sa=0
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Another essential feature of an imaging technique in order for it to be used in 

clinical practice is its diagnostic accuracy. Therefore, the sensitivity to 

hypoperfusion detection of BOLD delay maps from the full-length and shorter 

length scans were measured separately for each reader. A binary logistic mixed 

model was executed for comparing hypoperfusion findings of shorter scans with 

the full length scan while accounting for head motion and readers 

 

All statistical analysis was performed using R Statistical Software (65).

https://sciwheel.com/work/citation?ids=6009637&pre&suf&sa=0
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Figure 2. Examples of how the BOLD delay maps look at various scan lengths. 
After the removal of the first 25 volumes (10s), we shortened the full length scan 
which was 330s long and shown here as A. Substantially, 4 sets of source data 
of various scan lengths were produced. B is referred to as the 0.8 scan which is 
272s long. C is referred to as the 0.6 scan which is 204s long. D is named as 0.4 
scan which is 136s long, and finally E is the shortest scan, 0.2 scan, which is 
68s. BOLD delay maps were thresholded to 0 sec, 2.3 sec, and 4.6 sec 
separately and registered to an echo-planar imaging (EPI) template derived from 
a similar cohort of stroke patients.  

Reproduced by Tanritanir et al., 2020
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Interpretation of the results and discussing the clinical applicability of the 
outcome: 

When looking at the distribution of spatial overlap metrics (Dice Similarity 

Coefficient) between perfusion lesions from each shortened scan and perfusion 

lesions from the full scan, it is seen that the highest spatial overlap was between 

the 0.8 scan and the full scan (0.68; IQR=0.56-0.81) and it decreased with 

decreasing scan length, a 20% reduction in scan length decreased the Dice 

Coefficient by 0.15 [-0.19, -0.11]. Pearson correlation coefficient showed similar 

results. (Fig 3) 
 
 
 
 

 

 

Figure 3: Violin plot of the Correlation Coefficient for spatially comparing lesions at 
shorter scans with that of the full length scans (220 measures of 43 individuals). 20% 
reduction in the scan length results in 0.17 [-0.21, -0.13] decrease in Correlation 
Coefficient (R2c= 0.36, R2m=0.7).
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Applying Bland-Altmann analysis displayed that there was no systematic bias 

between different scan lengths in terms of detected lesion volumes, even when 

we accounted for head motion values using linear mixed models. Reproduced 

from Tanritanir et al., 2020 

 
 

Striking outcomes were observed analyzing the diagnostic accuracy of BOLD 

delay maps. Shortening the scan length by 60% significantly decreased the 

sensitivity of the BOLD delay map to hypoperfusion (Fig.4). Odds ratios [95%CI] 

for the 0.4 and 0.2 scans were as follows: 0.33 [0.18, 0.59] and 0.18 [0.1, 0.32]. 

Furthermore, according to our readers, the quality of the maps deteriorated when 

reducing scan length by 60% as well. When taking head motion values into 

account, it was shown that the maps lost their structure clarity and interpretability 

and became noisier at the 0.4 and 0.2 scan lengths. 
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Figure 4. Sensitivity of shorter scans to detecting hypoperfusion lesions. Dots 

show the mean and the error bars show the 95% CI. Binary logistic mixed model 

(two level; random-intercept) showed that at 0.4 and 0.2 scans, the 

hypoperfusion detection was impaired with the odds ratio of 0.33 [0.18, 0.59] 

and 0.18 [0.1, 0.32] accordingly. 

Reproduced from Tanritanir et al., 2020 
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Taking a look at our findings on the inter-reader agreement, our readers least 

agreed on the variables Interpretability and Structure Clarity across all scan-

lengths with KW values ranging from 0.54 to 0.56 and 0.45 to 0.58 respectively.  

 

Noiseness was consistent with the readers' ability to detect hypoperfusion, 

WKHUH�WKH\�DJUHHG�³JRRG´�WR�³YHU\�JRRG´�(66) (KW: 0.62 to 0.81; 0.64 to 0.82, 

accordingly). A similar level of reader agreement was reached with DSC-MRI 

and arterial spin labeling (ASL) in terms of detecting perfusion deficits with KW 

values of 0.64 and 0.6 respectively, in a study on 105 patients (67). The two 

shortest scan segments (0.4 and 0.2 scans) were where our readers 

FRQVLVWHQWO\�DJUHHG�³JRRG´�WR�³YHU\�JRRG´��KW: 0.62 to 0.83) on all five 

variables. The higher agreement on these quality control variables in the 

shortest scans may be explained by the relative ease with which the maps with 

the worst quality were judged by the readers. Overall, particularly for a 

relatively new method like BOLD delay, the inter-reader agreement in this 

study is within the expected range. 

As our findings suggest, head motion is a significant variable deteriorating the 

quality of our BOLD delay maps while being highly associated with higher 

hypoperfusion volumes as well. The occurrence of undesired perturbations in the 

BOLD signal caused by head motion is a known major problem in resting-state 

fMRI studies. BOLD signal changes caused by head motion lead to large 

variations in the time courses in resting state fMRI studies (59,68±70). Head 

motion is regarded as the primary limiting factor for BOLD delay's use as 

perfusion imaging technique in a stroke workup (26). In fact, in a recent pilot 

study, the intra-subject reproducibility of BOLD delay values in stroke patients 

was found to be adversely influenced by head motion (71). In the current study, 

we, therefore, accounted for subject head motion in our mixed effects models of 

the relationship between scan length and BOLD delay map quality. The 

calculation of head motion was achieved by taking mean framewise 

https://sciwheel.com/work/citation?ids=5405538&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6005421&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1374987%2C28063%2C2102222%2C1475085&pre&pre&pre&pre&suf&suf&suf&suf&sa=0%2C0%2C0%2C0
https://sciwheel.com/work/citation?ids=6004538&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6009634&pre&suf&sa=0
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displacement (FD) (59) and the maximum FD (29). We found that mean FD 

significantly and adversely affected the level of noise, the structure clarity, and  

the volume of BOLD delay lesions independent of scan length. 
 

In order to reduce head motion in an appropriate and reliable way, we could take 

a look at functional connectivity studies where this issue has been addressed. 

Multiple ways on how to tackle it have been suggested; scrubbing, which 

effectively removes volumes with high motion, has shown promise (59). 

However, for this to be applicable to BOLD delay studies on the detection of 

hypoperfusion, we need to know the minimum amount of data which is adequate 

after the removal of high-motion volumes. A scan length of 15 - 30 minutes has 

been suggested in functional connectivity studies of stroke patients (69). Our 

findings demonstrate that much less data may be required for sufficient detection 

of hypoperfusion in acute stroke. A systematic analysis of the impact of scan 

length on BOLD delay can allow the application of real-time motion monitoring 

approaches, where scans can run until a sufficient amount of low-motion data is 

acquired (72). 

Here we presented a systematic investigation among patients with ischemic 

stroke of the effects of scan duration on the evaluation of brain perfusion using 

BOLD delay. Our study suggests that our initial, full-length scan, 5 min and 40 

sec, can be reduced down to 3 min and 24 sec without a critical loss of 

diagnostic accuracy and image quality of BOLD delay maps, even when taking 

head motion into account. A scan duration as short as 1 min and 8 sec was 

robust for estimating hypoperfusion lesion volume, which holds substantial 

importance for the approximation of the ischemic penumbra using MR-based 

perfusion-diffusion mismatch (73). This area, defined as the mismatch between 

infarcted tissue shown by diffusion-weighted imaging (DWI) and hypoperfused 

tissue shown by perfusion imaging, is an early marker for tissue at risk (74). 

https://sciwheel.com/work/citation?ids=1374987&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4972244&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1374987&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=2102222&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=4659999&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6007570&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=6005396&pre&suf&sa=0
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A reduction of a scan-length by nearly 40% holds great importance considering 

that acute stroke is an emergency where decision making has to be done very 

quickly. A time gain of about two and a half minutes per patient would bring 

significant efficiency in various perspectives. Faster scanning means better use 

of resources and better network performance. When scans are shorter, patient 

compliance will also be higher. This overall will bring higher competency to the 

clinical setting. More accurate preliminary diagnosis will be made. This would 

also lead to less workload in the various teams engaged in the treatment of the 

patient. 

These findings are overall in accordance with reports released prior to our study. 

Lv et al. (52) researched the correlation between the areas of BOLD signal delay 

and areas of hypoperfusion identified by DSC-MRI in acute stroke patients. 

BOLD delay maps acquired in 3 min and 4 sec provided similar information to 

that of the full length scan (5 min 50 sec) in terms of spatial overlap with the MTT 

lesion of the subject. Christen et al. (38) showed that BOLD delay maps of 

Moyamoya patients produced at a shorter scan-length (3 min 36 sec) exhibit high 

correlation with the Tmax maps of the subjects. However, a systematic 

evaluation of scan shortening and its impacts on various, especially clinical, 

aspects was lacking in both these studies. 

It is very appealing to discuss what's next. This dissertation can be the initial 

approach for shortening the scans. Can we make scans even shorter? 

Theoretically, yes. The more precise ways we develop to shorten the scans, the 

better denoising strategies we will achieve. As explained above, head motion 

correction goes hand-in-hand with shortening of the scans. Head motion could 

indirectly reduce as we cut the duration the patient spends in the MRI. 

Furthermore, we could get better at removing the ³QRQ-LQWHUHVWLQJ´�VLJQDO�

sources which, as mentioned above, are faster signals and that easily alias in the 

signals we are interested in. Post-processing strategies will also advance when 

https://sciwheel.com/work/citation?ids=6005418&pre&suf&sa=0
https://sciwheel.com/work/citation?ids=1534126&pre&suf&sa=0
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we have less noise as a result of better head motion correction. 

Our study has a few limitations. We only had a small subset of patients who 

received a DSC-MRI as well, not allowing us to make an adequate comparison of 

the shorter BOLD delay scans with an established perfusion method. This was 

mainly because of the restrictions mentioned by the European Medicines Agency 

on the use of gadolinium-based contrast agents (75). Secondly, it should be kept 

in mind that the results of this study depend on the exact sequence parameters 

(e.g. TR, TE, spatial resolution). Different minimum acceptable scan times may 

apply to sequences with different parameters. Furthermore, we do not yet know 

the possible advantages of scan times longer than what is implemented in the 

current study (5 min 40 sec). However, such scans most probably would not be 

suitable in emergency situations, such as acute stroke. 

 

BOLD delay scans, which allow the assessment of hypoperfusion without 

exogenous contrast agents, can be shortened by up to 40% compared to 

currently implemented scans. This reduces the effect of one of the major 

problems hindering the use of BOLD delay imaging on a daily basis in the clinic: 

patient motion. Furthermore, time-effectiveness is undeniably desirable when 

there is a clinical emergency, and these shortened scans may lead to quicker 

decision-making in acute stroke. These results demonstrate a very exciting and 

promising step towards quicker and contrast-agent-free assessment of perfusion 

in acute stroke patients. 

https://sciwheel.com/work/citation?ids=6009639&pre&suf&sa=0
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Recherche ist ein Teil von der Tabelle 1 entstanden. 

● Planung des Manuskripts mit grosser Hilfe meinen Betreuern. 

● Ich habe das Grundlage des Manuskriptes geschrieben und Dr. Khalil hat bei der 
Finalisierung und Verbesserung  des Manuskriptes enorm geholfen. Wir haben 
Kommentare, Korrekturen und Ergänzungen durch alle Autoren bekommen. 

____________________________ 
Unterschrift, Datum und Stempel des/der erstbetreuenden Hochschullehrers/in 

____________________________ 
Unterschrift des Doktoranden/der Doktorandin 
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60 Expert Review of Neurotherapeutics 4,057 3.453 0.006360 

61 JOURNAL OF SLEEP RESEARCH 5,432 3.432 0.007450 

62 Current Neurology and 
Neuroscience Reports 3,004 3.400 0.007210 

63 JOURNAL OF PAIN AND 
SYMPTOM MANAGEMENT 11,229 3.378 0.015750 

64 SLEEP MEDICINE 10,218 3.360 0.017130 
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105 NEUROSURGICAL REVIEW 2,434 2.532 0.002960 

106 EUROPEAN SPINE JOURNAL 16,408 2.513 0.021220 

107 JOURNAL OF NEURO- 
OPHTHALMOLOGY 1,748 2.509 0.002520 

108 NEURORADIOLOGY 5,656 2.504 0.007020 

109 EUROPEAN JOURNAL OF 
PAEDIATRIC NEUROLOGY 2,764 2.496 0.005830 
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110 Pain Practice 2,422 2.486 0.004520 
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CLINICAL AND EXPERIMENTAL 

 
2,149 

 
2.265 

 
0.002320 

123 DEMENTIA AND GERIATRIC 
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124 Journal of Pain Research 2,171 2.236 0.006190 

125 BMC Neurology 5,121 2.233 0.012460 
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Objectives: To evaluate the impact of resting-state functional MRI scan length on the 
diagnostic accuracy, image quality and lesion volume estimation of BOLD delay maps 
used for brain perfusion assessment in acute ischemic stroke. 

Methods: Sixty-three acute ischemic stroke patients received a 340 s resting-state 
functional MRI within 24 h of stroke symptom onset. BOLD delay maps were calculated 
from the full scan and four shortened versions (68 s, 136 s, 204 s, 272 s). The BOLD 
delay lesions on these maps were compared in terms of spatial overlap and volumetric 
agreement with the lesions derived from the full scans and with time-to-maximum 
(Tmax) lesions derived from DSC-MRI in a subset of patients (n = 10). In addition, the 
interpretability and quality of these maps were compared across different scan lengths 
using mixed models. 

Results: Shortened BOLD delay scans showed a small volumetric bias (ranging from 
0.05 to 5.3 mL; between a 0.13% volumetric underestimation and a 7.7% overestimation 
relative to the mean of the volumes, depending on scan length) compared to the full 
scan. Decreased scan length was associated with decreased spatial overlap with both 
the BOLD delay lesions derived from the full scans and with Tmax lesions. Only the 
two shortest scan lengths (68 and 136 s) were associated with substantially decreased 
interpretability, decreased structure clarity, and increased noisiness of BOLD delay maps. 

Conclusions: BOLD delay maps derived from resting-state fMRI scans lasting 272 
and 204 s provide sufficient diagnostic quality and adequate assessment of perfusion 
lesion volumes. Such shortened scans may be helpful in situations where quick clinical 
decisions need to be made. 
Keywords: perfusion, acute stroke, BOLD delay, scan length, MRI 

 
 
INTRODUCTION 

The assessment of brain perfusion in acute ischemic stroke can be used to guide clinical 
decision-making, particularly when considering the use of intravenous thrombolysis or mechanical 
thrombectomy in patients otherwise ineligible for these treatments (1–3). Dynamic susceptibility 
contrast MRI (DSC-MRI) is most commonly used for this purpose in routine clinical practice. 
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However, it requires the use of exogenous contrast agents, 
which have potentially severe side effects (4). Even in people 
with normal kidney function, the gadolinium-based contrast 
agents used for DSC-MRI accumulate in the brain with repeated 
administration (5, 6), which has led the European Medicines 
Agency to recommend restricting their use (7). 

As part of the ongoing search for alternative perfusion imaging 
methods, many studies have recently shown that the temporal 
properties of the blood-oxygenation-level-dependent (BOLD) 
signal reflect aspects of perfusion. This is because the BOLD 
signal, while usually used to probe the hemodynamic response 
to neural activity, reflects an amalgam of different physiological 
processes. These include fluctuations originating from outside 
the brain that travel through the vasculature in a manner closely 

TABLE 1 | Overview of resting-state functional MRI scan lengths used in previous 
studies on BOLD delay for the assessment of brain perfusion. 

 

Study Investigated population Scan length 
(min:s) 

Lv et al. (14) Acute stroke 5:50 

Amemiya et al. (16) Acute stroke and chronic hypoperfusion 10:00 

Qian et al. (36) Acute stroke 10:00 

Christen et al. (23) Moyamoya disease 3:36 

Coloigner et al. (26) Sickle cell disease 6:00 

Siegel et al. (17) Subacute stroke 30:00a 

Qian et al. (37) Healthy individuals 6:40 

Khalil et al. (18) Acute stroke 5:50 

Ni et al. (20) Subacute stroke 8:00 
resembling blood flow (8–11). These non-neuronal oscillations, 
referred to as systemic low-frequency oscillations (sLFOs), exist 

Wu et al. (38) Chronic hypoperfusion and moyamoya 
disease 

5:00b 

in the low-frequency range of the signal (0.01–0.15 Hz). Studies 
have shown changes in the amplitude, frequency, and phase 
of sLFOs in areas of low blood flow (12–15). Currently, one 
of the most well-studied temporal properties of the BOLD 

Tong et al. (27) Healthy individuals 6:00 

Chen et al. (21) Acute stroke 8:00 

Yang et al. (39) Healthy individuals 10:00 

Lv et al. (22) Transient ischemic attack 8:00 
signal in relation to perfusion is BOLD delay (also known as 
hemodynamic lag)–the delay in arrival of sLFOs to a certain voxel 

Yan et al. (24) $O]KHLPHU¶V disease, mild cognitive 
impairment, and healthy individuals 

6:40 

compared to a reference region (14). 
Evidence for the relationship between BOLD delay and 

Khalil et al. (19) Acute stroke 5:50 

Zhao et al. (40) Chronic stroke 6:15 

perfusion comes from several sources. Firstly, regions of 
BOLD delay have been detected in cerebrovascular disorders 

Nishida et al. (32) Chronic hypoperfusion and moyamoya 
disease 

7:20 

including stroke (14, 16–21), transient ischemic attack (22), 
and Moyamoya disease (23). Such regions are also observed 
in other conditions associated with more subtle changes in 
cerebral perfusion such as Alzheimer’s disease (24), epilepsy 
(25), and sickle cell disease (26). Secondly, direct comparisons 
between perfusion modalities have shown that BOLD delay 
correlates with measures of perfusion derived from DSC-MRI 
(14, 16, 18–21, 27) and arterial spin labeling (17, 22, 23). 
In addition, we have recently shown that increased BOLD 
delay in acute stroke due to large vessel occlusion is reversible 
following vessel recanalization, and that this reversibility mirrors 
reperfusion detected using DSC-MRI (19). Thirdly, manipulation 
of the circulatory system through respiratory challenges affects 
sLFOs in a manner consistent with changes in cerebrovascular 
reactivity (28–34). Finally, the physiological basis for BOLD 
delay seems to lie in axial variations in the concentration 
of deoxyhemoglobin within arteries and veins caused by 
vasomotion or changes in oxygen saturation (35). These 
variations act as a “virtual tracer”—a contrast agent intrinsic to 
the blood (35). 

All this evidence suggests that the use of BOLD delay for 
assessing perfusion is a promising alternative to DSC-MRI. 
However, the clinical applicability of BOLD delay is still limited 
due to its relatively long acquisition time, which particularly 
hampers its use in clinical situations where decisions have to 
be made extremely quickly, such as in acute stroke. Studies 
utilizing BOLD delay for brain perfusion assessment have varied 
widely in scan length, between 3.5 and 30 min (see Table 1 
for an overview), markedly longer than typical DSC-MRI scans 
(∼2 min). In this study, we evaluated the impact of scan length 
on the diagnostic accuracy, image quality and lesion volume 

Jahanian et al. (41) Moyamoya disease and healthy individuals 4:00 to 6:00 
 

a Minimum of 5 min of resting-state functional MRI data after motion scrubbing required. 
b Total resting-state functional MRI data acquired was 20 min, but data was divided into 
pre- and post-acetazolamide administration (5 min each) for processing. 

 
 
 

estimation of BOLD delay maps used for brain perfusion 
assessment in acute ischemic stroke. 

 
MATERIALS AND METHODS 
Study Design 
Patients with a confirmed clinical and radiological diagnosis 
of ischemic stroke who received a resting-state functional MRI 
scan together with a standard stroke protocol were recruited as 
part of the Longitudinal MRI Examinations of Patients With 
Brain Ischemia and Blood-Brain Barrier Permeability [LOBI- 
BBB] study clinicaltrials.gov NCT02077582 from June 2016 
to December 2017. The LOBI-BBB study is a single-center, 
prospective cohort study of patients with acute ischemic stroke. A 
subset of patients received a follow-up (day 1) scan within 24 h of 
the first scan session (day 0 scan). This study was approved by the 
local institutional review board (EA1/200/13) and only patients 
who gave written informed consent were included. No exclusion 
criteria based on head motion were used, because we aimed at 
achieving a representative clinical population in our sample. 

 

Imaging Protocol 
A standard stroke MRI protocol was performed on a Siemens 
(Erlangen, Germany) Tim Trio 3 Tesla MRI scanner. 
The  imaging  protocol  included  a  T2∗ -weighted  image 

https://www.clinicaltrials.gov/
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(TR/TE=669/20 ms, matrix = 320 × 320, field of view = 
220 mm, slice thickness = 5 mm, acquisition time = 1 min 21 s), 
a diffusion-weighted image (TR/TE = 8900/93 ms, matrix = 
192 × 192, field of view = 229 mm, slice thickness = 2.5 mm, 
acquisition time = 2 min 21 s), a FLAIR image (TR/TE = 
8000/96 ms, matrix = 232 × 256, field of view = 199∗ 220 mm, 
slice thickness = 5 mm, acquisition time = 1 min 21 s) and a 
time-of-flight MR angiography (TR/TE = 21/3.4 ms, matrix = 
218 × 384, field of view = 162 × 199 mm, slice thickness = 
0.5 mm, acquisition time = 3 min 2 s). In addition, a resting-state 
functional MRI was performed using a multiband EPI scan 
(University of Minnesota sequence cmrr_mbep2d_bold R008) 
(42, 43): [850 (resting state) time points, TR/TE = 400/30 ms, flip 
angle 43ƕ, matrix = 64 × 64, 192 × 192 mm field of view (FOV), 
multiband factor = 6, thirty 4.0 mm thick slices, acquisition 
time: 340 s]. During the scan, patients were requested to relax, 
lie still, and close their eyes. In a subset of patients, DSC-MRI 
data were acquired following the injection of a bolus of 5 mL 
Gadovist 1 mol/L and a saline flush at a flow rate of 5 mL/s with 
the following scanning parameters: TR/TE = 1390/29 ms, flip 
angle = 60, matrix = 128 × 128, 21 slices, slice thickness = 
5 mm, acquisition time = 1 min 58 s. 

 

Image Processing 
Preprocessing 
As a first step, the first 25 volumes (10 s) were removed from 
the full 340 s resting-state scan to allow for magnetization 

The venous sinus was preferred over the whole brain signal 
because BOLD delay calculated using the venous sinus reference 
correlated more strongly with DSC-MRI-based perfusion maps 
in both chronic cerebrovascular disease (23) and acute stroke 
(18). The venous sinus reference also avoids the contamination 
of the BOLD delay assessment procedure by hypoperfused 
voxels because it extracts time courses from voxels outside the 
brain parenchyma. 

BOLD delay maps were generated by assigning each voxel the 
value of the time shift that achieves maximum cross-correlation 
between the reference time series and the voxel’s time series. 
For this purpose, we used rapidtide, which is a set of Python 
tools for finding time-lagged correlations (https://github.com/ 
bbfrederick/rapidtide). Significance thresholds for the cross- 
correlation were set by rapidtide using a shuffiing procedure 
(10,000 times) to calculate the distribution of null correlation 
values. To determine the offset associated with the highest 
correlation coefficient with the reference signal, we shifted the 
time course from í20 to +20 s. This long tracking range was 
necessary because delays in acute stroke patients have been 
shown to be very long (18, 19). 

BOLD delay maps generated from the data of each scan 
segment were registered to an echo-planar imaging (EPI) 
template derived from a similar cohort of stroke patients (18, 
19). A multi-stage registration procedure (rigid ĺ affine ĺ�
deformable) was applied using the antsRegistrationSyn script 

equilibrium. Then, four shortened sets of data of various lengths   
were produced from the resulting full 330 s resting state scan 
(68 s, 136 s, 204 s, 272 s), and are referred to in this paper as 0.2, 
0.4, 0.6, 0.8 scan segments, respectively. 

Preprocessing was performed on the resting-state data of 
differing lengths using FSL (https://fsl.fmrib.ox.ac.uk/fsl) and 
AFNI (https://afni.nimh.nih.gov/afni). This comprised volume 
realignment to the first volume, regression of the effect of three 
rigid body translations and three rotations, spatial smoothing 
with 6-mm Gaussian kernel, and band pass filtering (0.01– 
0.15 Hz). The mean framewise displacement across the scan 
segments (FD) was calculated (44) and rescaled (multiplied by 
10) to increase the comparability of this variable with the rest of 
the coefficients in the mixed effects models. In addition, to assess 
the signal change related to head motion, DVARS was calculated, 
defined as the frame-to-frame root mean square change in voxel 
intensities averaged across the entire brain (44). 

 
Time Shift Analysis 
A template was used to extract the reference time series by 
averaging the BOLD signal across all voxels in the major venous 
sinuses. This template was created from the post-gadolinium 
high-resolution T1-weighted scans of eight subjects, as described 
in the Supplemental Material of (18). Briefly, segmented gray 
matter, white matter, and CSF tissue masks were combined and 
subtracted from the brain-extracted T1 image, leaving an image 
containing only the vessels. This was registered to MNI space, 
binarized, summed up across subjects, manually edited to remove 
voxels outside the major venous sinuses, and spatially smoothed. 

TABLE 2 | Demographics and clinical characteristics of the study sample. 
 

Variable Whole 
sample 

Patients with 
hypoperfusion 

N 63 43 

Age in years (median, IQR) 75 (65±79) 78 (65±83) 

Sex (M/F) 39/24 23/20 

Follow-up (n) 38 17 

mRS (median, IQR)   
Admission 3 (2±4) 4 (3±4) 
Discharge 2 (1±3) 3 (1±4) 

NIHSS (median, IQR)   

Admission 4 (1±8) 7 (3±11) 
Discharge 2 (0±3) 3 (1±5) 

Previous stroke (n) 22 16  
Time (in hours) from symptom onset to MRI 
(median, IQR) 

9 (3±16) 8 (1±14)  

Vessel occlusion on MRA (n) 26 24  
Therapy (n)    

Thrombolysis 17 15  
Mechanical thrombectomy 5 5  

Stroke vascular territory (n)    
Anterior cerebral artery 1 0  
Middle cerebral artery 29 19  
Posterior cerebral artery 9 3  
Multiple territories 24 21  

MRS, Modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale. 

https://github.com/bbfrederick/rapidtide
https://github.com/bbfrederick/rapidtide
https://fsl.fmrib.ox.ac.uk/fsl
https://afni.nimh.nih.gov/afni
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from the ANTs software (http://stnava.github.io/ANTs/) (45). 
Lesions on the diffusion-weighted images (DWI) were manually 
delineated by a stroke researcher (A.C.T.) and checked by a senior 
stroke researcher and radiology resident (A.K.) The DWI and 
the delineated DWI lesions were registered to the template using 
ANTs. DWI lesions were masked during the registration process 
to improve registration (46). The results of all registrations were 
inspected visually for quality. 

 

Quantitative Analysis 
Patients with a visible perfusion lesion on their full-length BOLD 
delay maps (assessed by A.K., a stroke researcher and radiology 
resident with 7 years’ experience with perfusion imaging in 
stroke) were eligible for quantitative analysis in this study. 
Perfusion lesions on the BOLD delay maps were automatically 
delineated using an in-house algorithm used in a previous study 
(19). This algorithm searches the vascular territory affected by 
the stroke (defined as the vascular territory where the acute DWI 
lesion is present) for areas of hypoperfusion on the BOLD delay 
maps. For this procedure, BOLD delay maps thresholded to >0 s, 
>2.3 s, and >4.6 s were analyzed separately, generating three 
perfusion lesion volume values for each dataset (one value per 

threshold). The potential influence of these thresholds on the 
outcomes of this study were accounted for in the models. 

 
Spatial Comparison of BOLD Delay Lesions 
The Dice similarity coefficient was used for spatially comparing 
perfusion lesions on BOLD delay maps from shorter scans with 
those from the full length scan. The Dice similarity coefficient is 
a statistic used for evaluating spatial overlap and ranges between 
+1 (perfect overlap) and 0 (no overlap) (47). The association 
between scan length and the Dice similarity coefficient value 
was investigated using a linear mixed model (two-level; random 
intercept), with head motion as a covariate (48). 

 
Volumetric Comparison of BOLD Delay Lesions 
BOLD delay lesion volumes were calculated and the following 
analyses were performed on them: 

Bland-Altman analysis (49) was used for assessing the 
agreement between shorter scans and the full length scan on 
BOLD delay lesion volume. 

A linear mixed effects model (two-level; random intercept and 
slope model) was used to investigate the association between scan 
length and BOLD delay lesion volume. Since the distribution of 

 
 

 

A B 

C D 

FIGURE 1 | Raincloud plots showing the distribution of mean head motion metrics (framewise displacement in (A) DVARS in (C) for each segment of the resting-state 
functional MRI scan. In Figures 1B,D, each point represents the maximum head motion value across the full scan (from one patient) measured using framewise 
displacement (B) and DVARS (D), plotted against time. 

http://stnava.github.io/ANTs/
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FIGURE 2 | Raincloud plots showing the distribution of Dice similarity 
coefficients (y axis) representing the degree of spatial overlap between BOLD 
delay lesions derived from resting-state functional MRI scans of different 
lengths (x axis) and the BOLD delay lesions derived from the full scan. 
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BOLD delay lesion volumes was skewed, the volumes were log- 
transformed for this analysis. The BOLD delay thresholds (0 s, 
2.3 s, 4.6 s; ref = 0 s) and the scan sessions (day 0 or day 1; ref = 
day 0) were accounted for in this model. 

 
Spatial and Volumetric Comparison of a Subsample 
of Patients With DSC-MRI Data 
In a subsample of the patients eligible for quantitative analysis (n 
= 10), DSC-MRI data was acquired during the same scanning 
session after the rsfMRI scan. DSC-MRI data were analyzed 
using Stroketool version 2.8 (2011 Digital Image Solutions—HJ 
Wittsack) by selecting an arterial input function of 5–10 voxels 
in the middle cerebral artery contralateral to the acute infarction 
(50). Time-to-maximum (Tmax) maps were calculated using 
block-circulant singular value decomposition deconvolution of 
the concentration-time curve (51). 

In this subsample, the Tmax maps were delineated using 
the same automated procedure described above for the BOLD 
delay maps, after applying a Tmax threshold of >6s (18, 52, 
53). The Dice similarity coefficient was calculated between the 
perfusion lesions derived from each of the BOLD delay scans of 
different lengths and the Tmax maps. A Bland-Altman analysis 
was also performed to assess the agreement between Tmax 
perfusion lesion volumes and BOLD delay perfusion lesion 
volumes derived from the scans of different lengths. 

 
Qualitative Analysis 
Patients were included for qualitative analysis if they met the 
study’s inclusion criteria, regardless of whether or not there was a 
visible perfusion lesion on their BOLD delay maps. 

Two radiologists [K.V. [rater 1] and I.G. [rater 2]], both 
experienced in stroke perfusion imaging, visually assessed the 
BOLD delay maps of different scan lengths. The raters were 
blinded to all patient data and to the length of the scans 
from which the BOLD delay maps were generated, but had 
access to the DWI corresponding to each BOLD delay map. 
Prior to performing the readings, the raters were shown 
examples of the maps derived from an independent dataset (see 
Supplementary Figure 2 for examples) and trained on how to fill 
in the data entry sheet. 

 
Interpretability of Shortened BOLD Delay Maps 
The raters assessed whether or not a perfusion lesion was 
visible on the BOLD delay maps, or if the BOLD delay map 
was uninterpretable. We calculated the agreement between the 
BOLD delay maps derived from each of the shortened scans 
and the BOLD delay maps derived from the full scan using 
unweighted Cohen’s kappa. A binary logistic mixed model 
(48) (two level; random-intercept) was executed for comparing 
the interpretability of the BOLD delay maps (reference = 
“uninterpretable”) derived from scans of different lengths while 
accounting for head motion and raters (ref = “rater 1”). 

 
Quality of BOLD Delay Maps 
The raters assessed how noisy the BOLD delay maps were (on a 
scale of 1 to 3, with 3 indicating the highest level of noise) and 
how clear certain structures such as the ventricles were on the 

map (on a scale of 1 to 3, with 3 indicating the highest structure 
clarity). Examples of maps of various noisiness and structure 
clarity are shown in Supplementary Figure 2. 

We used the quadratic-weighted Cohen’s kappa (54) to assess 
the agreement between raters on the interpretability, noisiness, 
and structure clarity of the BOLD delay maps derived from each 
scan length. 

Ordinal mixed models (55) were used to investigate the 
association between scan length and noise as well as structure 
clarity of the maps (two-level; random intercept models). 

Note that in all statistical models used in this paper, subjects 
were level two units such that intra-individual correlation among 
the measures collected on a particular individual was taken into 
account and scan session identification (reference = “day 0”) was 
included as a covariate in the models. All models in the qualitative 
analysis also accounted for the influence of the raters (reference 
= “rater 1”). 

 
Statistical Analysis 
All statistical analyses were performed using R Statistical 
Software (56). The data and the code used for statistical 
analysis and data visualization in this study are publicly 
available at https://github.com/ahmedaak/BD_scan-shortening. 
Bland-Altman analysis was performed using the R package 
“blandr” (57), metrics of inter-rater agreement were calculated 
using the R package “irr” (58), linear mixed models using the 
“lmer” and “glmer” functions from the R package “lme4” (48), 
and ordinal mixed models using the “clmm” function from the R 
package “ordinal” (55). The distribution of continuous variables 

 
 

https://github.com/ahmedaak/BD_scan-shortening
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in different groups is visualized in this paper using raincloud 
plots, which combine dot plots, box plots, and violin plots (59). 
The distribution of categorical variables in different groups is 
visualized using spine plots (60). 

 
 
RESULTS 

Sixty-three patients who underwent an MRI scan within 24 h 
of stroke symptom onset were eligible for qualitative analysis. 
Forty-three of these patients had perfusion lesions on their 
BOLD delay maps and were selected for quantitative analysis. 
The characteristics of the two study groups for quantitative 
and qualitative analysis are presented separately in Table 2. The 
amount of head motion in each part of the rsfMRI scan is 
depicted for all patients in Figure 1. 

The characteristics of the subsample who received a DSC-MRI 
scan are as follows: median age = 77.5 years (IQR = 63.5–80.3 
years), median mRS at admission = 4 (IQR = 4–5), median mRS 
at discharge = 3 (IQR = 1–4), median NIHSS at admission = 
11 (IQR = 7–16), median NIHSS at discharge = 4 (IQR = 2–8), 
median time from symptom onset to imaging = 1.5 h (IQR = 1– 
6.5 h). In this subsample, 7/10 patients were female, 3/10 had a 
follow-up MRI the next day, 4/10 had a previous stroke, 8/10 had 
a vessel occlusion on the TOF-MRA, 7/10 received intravenous 
thrombolysis, 4/10 received mechanical thrombectomy, 9/10 had 
an infarct in the MCA territory, and 1/10 had an infarct in the 
PCA territory. Data processing took a mean of 122 s (0.2 scan), 
193 s (0.4 scan), 273 s (0.6 scan), 368 s (0.8 scan), and 411 s (full 
scan) per patient on an Intel R  Xeon R X5570 CPU (2.93 GHz, 4 
cores) with 64 GB of RAM. Note that a single thread was used for 
the processing. 

 
 

 

A B 

C D 

FIGURE 3 | Bland-Altman plots of volumetric agreement between BOLD delay lesion volumes derived from resting-state functional MRI scans of different lengths (A) 
0.8 scan, (B) 0.6 scan, (C) 0.4 scan, (D) 0.2 scan and BOLD delay lesion volumes derived from the full scans. The upper and lower dashed lines represent the 95% 
limits of agreement and the middle dashed lines represent the bias (mean difference). The blue solid line and shaded gray region represent the regression lines and 
95% confidence interval of the regression lines, respectively. 
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FIGURE 4 | Visualization of the results of the linear mixed model of the 
association between several predictors and BOLD delay lesion volumes. The 
points represent the standardized (beta) coefficients and the lines represent 
the 95% confidence intervals of the coefficients for each predictor. FD: 
framewise displacement. The scan lengths are shown as 0.8, 0.6, 0.4, and 0.2 
with the full scan used as the reference category. This plot shows that the 
head motion metrics (mean FD and mean DVARS) are significantly associated 
with larger BOLD delay lesion volumes. There is no statistically significant 
difference between BOLD delay lesion volumes derived from the shorter 
resting-state functional MRI scans and the full scan. Note that only a subset of 
the predictors in this model are shown here²the numerical results of this 
linear mixed model, including the rest of the predictors, are shown in 
Supplementary Table 1. 
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Quantitative Analysis 
The DWIs and BOLD delay maps of all the patients in the 
quantitative analysis sample can be found here: https://doi.org/ 
10.6084/m9.figshare.12022728. 

 
Spatial Comparison of BOLD Delay Lesions 
Figure 2 shows the distribution of spatial overlap metrics (Dice 
similarity coefficients) between BOLD delay lesions from each 
shortened scan and BOLD delay lesions from the full scan. The 
highest spatial overlap was between the 0.8 scan and the full 
scan (median = 0.68; IQR=0.56–0.81) and it decreased with 
decreasing scan length. The median Dice similarity coefficients 
between perfusion lesions from each BOLD delay scan length 
and Tmax perfusion lesions (for the subsample who also received 
DSC-MRI) were as follows: full scan = 0.29 (IQR = 0.02–0.33), 
0.8 scan = 0.26 (IQR = 0.03–0.40), 0.6 scan = 0.17 (IQR = 0.03– 
0.39), 0.4 scan = 0.1 (IQR = 0.02–0.29), 0.2 scan = 0.16 (IQR = 
0.02–0.32). 

The results of the linear mixed model of the association 
between scan length and spatial overlap showed that a 1% 
decrease in scan length was associated with a 0.006 reduction on 

 

average in the Dice coefficient between the BOLD delay lesions 
derived from the shortened scan and the full scan (beta = 0.006, 
SE = 0.0004, t = 13.6, p < 0.0001). 

Volumetric Comparison of BOLD Delay Lesions 
The results of the Bland-Altman analysis are presented in 
Figure 3 and the distribution of lesion volumes for each scan 
length is shown in Supplementary Figure 1. Compared to the 
BOLD delay lesion volumes derived from the full scan, the biases 
of the lesion volumes derived from the shortened scans were as 
follows: the 0.2 scan = 5.3 mL (a 7.7% overestimation relative to 
the mean of both scans, limits of agreement = í48.1–58.7 mL), 
0.4 scan = 1.04 mL (a 4.5% overestimation relative to the mean 
of both methods, limits of agreement = í61.1–63.2), 0.6 scan = 
0.05 mL (a 0.13% underestimation relative to the mean of both 
methods, limits of agreement = í50.6–50.7 mL), and 0.8 scan 
= 1.06 mL (a 1.4% overestimation relative to the mean of both 
methods, limits of agreement = í34.8–36.9 mL). 

The results of the Bland-Altman analysis for the 
subsample who also received a DSC-MRI scan are shown 
in Supplementary Figure 3. Compared to the Tmax perfusion 
lesion volumes, the biases of the BOLD delay lesion volumes were 
as follows: the 0.2 scan = í14.5 mL (a 68.1% underestimation 
relative to the mean of both methods [BOLD delay and Tmax], 
limits of agreement = í80.6–51.5 mL), 0.4 scan = í8.2 mL (a 
36.7% underestimation relative to the mean of both methods, 
limits of agreement = í68.0–51.7 mL), 0.6 scan = í18.3 mL (a 
43.7% underestimation relative to the mean of both methods, 
limits of agreement = í80.2–43.5 mL), 0.8 scan = í17.2 
(a 56.3% underestimation relative to the mean of both 
methods, limits of agreement = í65.7 to 31.3 mL), full scan 
= í12.9 mL (a 58.6% underestimation relative to the mean of 
both methods, limits of agreement = í58.6–32.6 mL). 

The linear mixed model showed that there was no systematic 
impact of scan length on lesion volumes (Figure 4 and 
Supplementary Table 1). Head motion measured using mean 
DVARS was associated with larger BOLD delay lesion volumes 
(beta = 0.05, 95% CI = 0.02–0.07, t = 3.64, p = 0.0003). 

 
Qualitative Analysis 
Diagnostic Accuracy 
The interpretability of the BOLD delay maps derived from 
different scan lengths is shown in Figure 5 for each of the raters. 
Agreement on map interpretability between BOLD delay maps 
derived from different scan lengths and those derived from the 
full scan are shown for each rater in Supplementary Table 2. 
The binary logistic mixed model revealed that scan lengths 0.2 
(odds ratio = 0.21, 95% CI = 0.12–0.37, p < 0.0001) and 
0.4 (odds ratio = 0.37, 95% CI = 0.21–0.64, p = 0.0004) 
were associated with decreased interpretability of the BOLD 
delay maps. Longer scans (0.8 and 0.6) showed no substantial 
association with interpretability of the BOLD delay maps 
(Supplementary Table 3). 

 
Inter-Rater Agreement 
Table 3 shows the inter-rater agreement on the interpretation, 
noisiness, and structure clarity of the BOLD delay maps derived 

https://doi.org/10.6084/m9.figshare.12022728
https://doi.org/10.6084/m9.figshare.12022728
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FIGURE 5 | Spine plots showing the distribution of the qualitative ratings of the BOLD delay maps derived from different resting-state functional MRI scan lengths 
made by rater 1 (A) and 2 (B) The maps were rated as either showing a perfusion lesion (Y, light blue), not showing a perfusion lesion (N, blue), or being 
uninterpretable (U, green). Statistically significant differences in interpretability are seen between the full scan and the 0.4 and 0.2 shortened scans. The quantitative 
results of the binary logistic mixed model investigating the effects of scan length on the interpretability of the BOLD delay maps are shown in Supplementary Table 3. 
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from different scan lengths. The raters’ agreement on the 
interpretation of the BOLD delay maps was good across scan 
lengths (Cohen’s kappa 0.64–0.82). Agreement on noisiness and 
structure clarity was markedly higher in the BOLD delay maps 
derived from the shorter scans than in those derived from the 
longer scans. 

Quality of BOLD Delay Maps 
The results of the qualitative assessment of scan noisiness 
and structure clarity by the two raters are shown in 
Supplementary Figure 4. The ordinal mixed models showed 
that scan lengths of 0.2 and 0.4, as well as head motion measured 
using mean framewise displacement and mean DVARS, were 
associated with more noise and less structure clarity on the 
BOLD delay maps (Figure 6). The quantitative results of the 
mixed models for noise and structure clarity are shown in 
Supplementary Tables 4, 5, respectively. 

 
DISCUSSION 

In this study, the effects of scan length on the assessment of 
brain perfusion using BOLD delay maps in patients with ischemic 
stroke were systematically investigated. Our results show that 
scan length can be reduced from 5 min and 40 s to 3 min and 
24 s without a significant loss of diagnostic accuracy and image 
quality of the BOLD delay maps. 

A reduction of scan length by nearly two-and-a-half minutes is 
especially important in acute stroke, where patients are critically 
ill and decisions have to be made extremely quickly. The standard 
MRI protocol in our institution takes about 10 min (without 
perfusion imaging). Because time-to-treatment is a critical factor 
influencing stroke outcome, prolonging this by anything more 
than a few minutes is undesirable. 

TABLE 3 | Inter-rater agreement (quadratic-weighted &RKHQ¶V kappa) on BOLD 
delay maps derived from different scan lengths. 

 

Scan length Interpretationa Noiseb Structure clarityb 

Full 0.64 0.22 0.40 

0.8 0.71 0.29 0.15 

0.6 0.82 0.25 0.26 

0.4 0.75 0.67 0.40 

0.2 0.67 0.72 0.48 

a Refers to whether the rater judged the map as showing aperfusion lesion, not showing 
a perfusion lesion, or being uninterpretable. 
b Judged as high, medium or low. 

 
 
 
 

Our findings are overall in accordance with two previous 
studies. Lv et al. investigated the similarity between areas of 
BOLD signal delay and areas of hypoperfusion identified by DSC- 
MRI in acute stroke patients (61). The acquisition time was 5 min 
50 s and the scan length was gradually decreased in increments 
of 10 volumes. They found that BOLD delay maps acquired in 
3 min and 4 s provided qualitatively similar information to that 
of the full length scan in terms of overlap with the mean transit 
time (MTT; a parameter map derived from DSC-MRI) lesion 
of the subject. Christen et al., on the other hand, found that 
BOLD delay maps derived from resting-state functional MRI 
scans lasting 3 min and 36 s correlated highly with Tmax in 
Moyamoya patients (23). However, the impact of scan shortening 
on the diagnostic quality and clinical interpretability of BOLD 
delay maps was not systematically investigated in these studies. 

In this study, agreement between raters on the evaluation 
of hypoperfusion presence at different scan lengths was good 
(weighted Cohen’s kappa = 0.64 to 0.82). Data on the inter-rater 
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FIGURE 6 | Visualization of the results of the ordinal mixed models of the association between several predictors and BOLD delay map noisiness (A) and structure 
clarity (B). The points represent the odds ratios and the lines represent the 95% confidence intervals of the odds ratios for each predictor. The vertical dashed line 
represents an odds ratio of 1. FD, framewise displacement. The scan lengths are shown as 0.8, 0.6, 0.4, and 0.2 with the full scan used as the reference category. 
The plot shows that head motion (mean FD and mean DVARS) as well as the shortened 0.4 and 0.2 scans are associated with a significantly higher odds of more 
noise and less structure clarity than full scans. Note that only a subset of the predictors in this model are shown here²the numerical results of this ordinal mixed 
model, including the rest of the predictors, are shown in Supplementary Table 4 (noisiness) and 5 (structure clarity). 
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agreement of this relatively new perfusion imaging method has 
thus far been unavailable. In a study of 105 acute stroke patients, 
a similar level of inter-rater agreement on detecting perfusion 
deficits was found for DSC-MRI and ASL, with weighted Cohen’s 
kappa values of 0.64 and 0.6, respectively (62). In our study, 
agreement on interpretability, structure clarity, and noisiness of 
the BOLD delay maps was higher for shorter scans than longer 
scans. This may be explained by the relative ease with which poor 
quality maps were judged by the raters. Overall, we found that 
the inter-rater agreement of this relatively new perfusion imaging 
method is similar to that observed when using more established 
perfusion imaging methods. 

Several factors potentially interact with scan length to 
influence the diagnostic quality of BOLD delay maps. The 
temporal resolution of the resting-state functional MRI sequence 
is one such factor. Although the BOLD oscillations driving the 
calculation of BOLD delay are likely slow (<0.15 Hz), scanning 
with high temporal resolution, as done in this study using 
multiband EPI (42, 43), has the advantage of allowing high- 
frequency cardiac and respiratory activity to be filtered out of 
the data. 

Head motion, on the other hand, causes undesired changes 
in the BOLD signal (44, 63) that adversely affect the cross- 
correlation underlying BOLD delay calculation. In a recent pilot 
study, we found that the intra-subject reproducibility of BOLD 
delay values in stroke patients was adversely influenced by head 
motion (64). In the current study, we therefore accounted for 

 
subject head motion in our analysis of the relationship between 
scan length and BOLD delay map quality and found that head 
motion significantly and adversely affected the level of noise, 
the structure clarity, and the volume of BOLD delay lesions, 
independent of scan length. 

Considering that head motion is one of the main drawbacks 
hindering BOLD delay’s use for brain perfusion assessment (14), 
exploring appropriate and reliable ways of reducing motion and 
its effects on the BOLD signal is crucial. Retrospective motion 
correction techniques such as scrubbing, which effectively 
removes volumes with high motion, have shown promise in 
functional connectivity studies (44). However, such techniques 
require that a sufficient amount of low-motion data remain 
after the removal of high-motion volumes (46). For this to be 
applicable, we need to know the minimum amount of data 
needed to generate adequate results. In functional connectivity 
studies, 10 to 15 min of data generally provide the best test- 
retest reliability (65). Our results suggest that much less data is 
required to provide diagnostically acceptable BOLD delay maps. 
With this knowledge, real-time motion monitoring approaches 
can allow us to continue scanning until a sufficient amount of 
low-motion data is acquired (66). This would reduce waste by 
reducing overscanning and, more importantly, allows scans to be 
tailored to the urgency of specific clinical situations. 

Our study has a few limitations. We were unable to acquire 
DSC-MRI data in the entire sample in order to directly compare 
the shortened BOLD delay maps with a reference standard. 
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This was primarily due to the fact that we no longer routinely 
perform DSC-MRI at our stroke center due to the European 
Medicines Agency’s recent recommendation to restrict the use of 
gadolinium-based contrast agents (7). However, the relationship 
between BOLD delay and perfusion measured using DSC-MRI 
has been established in several independent studies (14, 16, 18– 
21, 27). In this study, we chose to retrospectively break up longer 
scans into smaller parts, which is not the same as acquiring 
several scans of varying lengths. We chose this strategy for 
practical reasons, as acquiring several scans of different lengths 
would have greatly prolonged the scanning protocol and would 
have been infeasible in the context of acute stroke. However, 
this choice potentially limits how generalizable are results are 
to real-life situations where shortened scans are independently 
acquired. In addition, it should be kept in mind that several 
other potential factors may interact with scan length to influence 
BOLD delay map quality, including sequence parameters and 
field strength. Investigating the influence of these factors is 
beyond the scope of this study, and is currently the focus of 
ongoing work by our group (64). Finally, whether scan times 
longer than the full scan implemented in the current study 
(5 min 40 s) provide even better BOLD delay map quality is yet 
to be investigated. Such scans would not, however, be suitable 
in situations where urgent decision-making is required, such as 
acute stroke. 

In conclusion, we show that BOLD delay maps derived 
from resting-state fMRI scans lasting 3 min 24 s provide 
sufficient diagnostic quality and adequate assessment of 
perfusion lesion volumes. This implies that scans can 
be shortened beyond currently usual scan times, which 
may be helpful for reducing the effect of patient motion 
or in situations where quick clinical decisions need to 
be made. Our results represent an important step toward 
implementing BOLD delay for contrast-agent-free assessment 
of brain perfusion in acute stroke patients in routine 
clinical practice. 
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