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Abstract

Mild traumatic brain injury (mTBI) is a major public health concern. Cerebrovascular alterations 

play a significant role in the evolution of injury sequelae and in the process of post-traumatic 

brain repair. Arterial spin labeling (ASL) is an advanced perfusion magnetic resonance imaging 

technique that permits noninvasive quantification of cerebral blood flow (CBF). This is the first 

systematic review of ASL research findings in patients with mTBI. Our approach followed the 

American Academy of Neurology (AAN) and PRISMA guidelines. We searched Ovid/MEDLINE, 

Web of Science, Scopus, and the Cochrane Index for relevant articles published as of February 20, 

2020. Full-text results were combined into Rayyan software for further evaluation. Data extraction, 

including risk of bias ratings, was performed using American Academy of Neurology’s four-tiered 

classification scheme. Twenty-three articles met inclusion criteria comprising data on up to 566 

mTBI patients and 654 control subjects. Of the 23 studies, 18 reported some type of regional CBF 

abnormality in mTBI patients at rest or during a cognitive task, with more findings of decreased 

than increased CBF. The evidence supports the conclusion that mTBI likely causes ASL-derived 

CBF anomalies. However, synthesis of findings was challenging due to substantial methodological 

variations across studies and few studies with low risk of bias. Thus, larger-scale prospective 

cohort studies are needed to more definitively chart the course of CBF changes in humans after 

mTBI and to understand how individual difference factors contribute to post-injury CBF changes.
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Introduction

Traumatic brain injury (TBI) is a significant public health concern and one of the leading 

causes of morbidity and mortality (Faul et al. 2010). In the United States, at least 3.5 

million people experience a TBI and require medical evaluation each year (Coronado et al. 

2012). Mild TBI (mTBI) represents the vast majority of all cases of head trauma and may 

cause significant, and sometimes persistent, neurocognitive and neurobehavioral dysfunction 

(McInnes et al. 2017). Despite an increase in knowledge of the acute and potential long-

term effects of mTBI, its underlying mechanisms remain to be fully elucidated (Manley 

and Maas 2013; Slobounov et al. 2012; McInnes et al. 2017; Giza and Hovda 2014; 

Werner and Engelhard 2007a; McAllister 2011). It is largely recognized that after the 

primary mechanical insult to brain tissue, TBI leads to delayed secondary injury because 

of neurochemical, metabolic, and cellular changes (Werner and Engelhard 2007b; Loane 

and Faden 2010; McAllister 2011; Giza and Hovda 2014; Pearn et al. 2017; Toth et al. 

2016; Jassam et al. 2017). Although the pathogenesis has yet to be entirely revealed, 

cerebrovascular alterations appear to contribute to the evolving secondary injury and slow 

brain repair (Dijkhuizen 2011; Len and Neary 2011; Pop and Badaut 2011; Tan et al. 2014; 

A. J. Gardner et al. 2015).

Several neurobiological mechanisms may contribute to cerebral blood flow (CBF) changes 

after mTBI (Len and Neary 2011; Pop and Badaut 2011; Giza and Hovda 2014; Toth et al. 

2016). Generally, local CBF is coupled with neuronal metabolism through the neurovascular 

unit (NVU), a physiological entity structurally defined by interactions amongst endothelial 

cells, pericytes, smooth muscle cells, astrocytes, and neurons (Iadecola and Nedergaard 

2007; Pop and Badaut 2011). The NVU contributes to the pathogenesis of TBI, either 

directly from physical trauma or as part of the cascade of secondary injury after TBI 

(Kenney et al. 2016; Pop and Badaut 2011). The blood–brain barrier (BBB) is a highly 

selective semipermeable border of endothelial cells and related cellular constituents of the 

NVU (such as astrocytes and pericytes). The BBB has been proposed to be central for the 

proper functioning of the NVU, as the BBB maintains brain homeostasis through nutrient 

regulation and directly contributes to CBF (Pop and Badaut 2011). Post-injury changes 

in the NVU, such as disruption of the BBB, are primarily observed in the first week 

post-injury. It is unknown how these changes in the NVU evolve over a long time period 

(Pop and Badaut 2011; Kenney et al. 2016).

Cerebral autoregulation, the intrinsic ability of the brain to maintain a constant CBF in 

response to variations in systemic blood pressure, is impaired following mTBI (Junger et al. 

1997; Strebel et al. 1997; Rangel-Castilla et al. 2008; Len and Neary 2011). TBI appears to 

impair CBF autoregulation in response to both decreasing and increasing perfusion pressure 

in adults and children (Toth et al. 2016). Changes of CBF autoregulatory function could 

take place in cerebral circulation after TBI, as cortical spreading depolarization-related 

neurovascular dysfunction has been speculated to play an important role in molecular 

and cellular mechanisms of autoregulatory dysfunction (Toth et al. 2016). Links between 

autoregulatory dysfunction, impaired myogenic response, microvascular impairment, and 

the development of secondary brain damage also have been detected (Toth et al. 2016). In 

addition, the autonomic and cardiovascular systems may become uncoupled after acute brain 
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injury (Goldstein et al. 1998), and deficits in neuroautonomic control following brain injury 

could be associated with abnormal cerebrovascular responses (Zhang et al. 2002).

Emerging evidence indicates inflammatory changes are also triggered by mTBI (Giza and 

Hovda 2014). Neuroinflammation is well-established as an important aspect of secondary 

injury in animal and human studies (Kumar and Loane 2012; Smith et al. 2013; McAllister 

2011; Bigler 2013; Ramlackhansingh et al. 2011; W. Wang et al. 2017a). Microglia and 

astrocytes play a crucial role in the neuroinflammatory processes, presumably sensing 

neuronal damage and initiating the brain’s immune response to injury (Smith et al. 2013). 

Recent animal studies suggest CBF recovery in the perilesional areas after TBI could 

be attributed to increased glial response, and CBF might be a sensitive biomarker for 

assessment of neuroinflammation and drug efficacy in the TBI model (W. Wang et al. 

2017b). A detailed description of these neuroinflammatory consequences of mTBI is beyond 

the scope of the present discussion.

Several nuclear imaging methods are available to assess CBF after mTBI, such as single-

photon emission computed tomography (Audenaert et al. 2003; Gowda et al. 2006) and 

perfusion computed tomography (Metting et al. 2014). They have several disadvantages 

including financial cost, ionizing radiation, and limited repetition of acquisitions. In contrast, 

arterial spin labeling (ASL) is a class of advanced techniques for perfusion magnetic 

resonance imaging (MRI) that permits noninvasive quantification of CBF using magnetically 

labeled arterial blood water as an endogenous contrast tracer (Detre et al. 2009; J. Wang 

et al. 2003; Y. Wang et al. 2011; Wong 2014; Alsop et al. 2015). Through a number 

of methodological advances, high-quality whole brain perfusion images can be obtained 

in just a few minutes using an ASL scan (Alsop et al. 2015; Detre et al. 2012; Wong 

2014). ASL perfusion MRI has been validated extensively against other methods (Alsop 

et al. 2015; Ewing et al. 2005). Various ASL MRI sequences using the main labeling 

techniques, particularly pulsed ASL (PASL) or pseudo-continuous ASL (pCASL), are now 

commercially available on all major MRI platforms, with demonstrated reproducibility 

(Gevers et al. 2009; Petersen et al. 2010). ASL perfusion brain MRI has been used to 

assess CBF as a surrogate marker of brain function and metabolism in numerous clinical 

populations, such as stroke, neurodegeneration, brain tumor, and neurovascular diseases 

(Haller et al. 2016).

An increasing body of preclinical research indicates ASL perfusion MRI is feasible for 

the serial, noninvasive measurement of CBF after experimental TBI (Forbes et al. 1997; 

Hayward et al. 2010; Hendrich et al. 1999; Kochanek et al. 2002). ASL was successfully 

used to evaluate CBF after cortical contusion in anesthetized and paralyzed rats and showed 

the clear heterogeneity of CBF at 24 hours post-injury (Forbes et al. 1997). In one study 

that used the controlled cortical impact (CCI) model, ASL MRI detected reduced global 

CBF at ~3 hours with 85% and 49% reductions in the injury side and contralateral cortex, 

respectively (Hendrich et al. 1999). At 8–9 months post-lateral fluid-percussion (LFP) 

TBI, ASL MRI showed reduced regional CBF that could not be attributed to changes 

in histologically assessed vascular density (Hayward et al. 2010). In another rat sample 

one year after CCI, ASL MRI found dramatically reduced CBF at or near the impact 

site, including injured cortex and hippocampus, translating into reduced hemispheric CBF 
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(Kochanek et al. 2002). These results suggest changes in CBF can be detected using ASL 

MRI at different stages of TBI recovery in an animal model. The combination of altered 

CBF and other structural and functional changes can potentially be a source of secondary 

injury after TBI.

Objectives

This review aimed to systematically evaluate the available evidence regarding the question: 

In humans, does mTBI cause changes in CBF measurable through ASL imaging?

Method

General Approach

This review was designed to be consistent with the PRISMA (Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses) guidelines (Moher et al. 2009), as well as the 

methodology published by the American Academy of Neurology (AAN) for conducting 

systematic reviews (Gronseth et al. 2015; Gronseth et al. 2011; Gronseth et al. 2017; 

Rae-Grant et al. 2019). The following methodology was adapted from the protocols set 

forth by Pertab et al. (Pertab et al. 2018) and Gardner et al. (A. Gardner et al. 2012). 

Studies reporting ASL perfusion MRI data in mTBI patients were considered in the current 

review. We expected the majority of the literature would evaluate the relationship between 

mTBI and ASL metrics at various stages of recovery (vs. non-mTBI groups) to inform 

this question. However, we also planned to include any literature on the relationship 

between ASL measures and clinical signs of injury severity (e.g., symptoms, neurocognitive 

performance, symptom duration) to inform the degree to which there may be a dose-

response relationship between mTBI severity and ASL perfusion. Per AAN guidelines, this 

could contribute to our conclusion about the plausibility of the biological effect of mTBI on 

CBF via ASL imaging (Gronseth et al. 2017; Rae-Grant et al. 2019).

Search Strategy

The review was conducted in three stages:

Stage 1: Articles were retrieved with the assistance of a medical librarian with a 

preliminary search through four electronic databases (Ovid/MEDLINE, Web of Science, 

Scopus, and Cochrane) to find articles of interest. These articles were combined with the 

private collection of the authors to identify key articles relevant to the research question. 

Eligible articles were published in English from 1998 to February 20, 2020. A start date 

of 1998 was selected because utilizing MRI with ASL is a relatively new technique mostly 

performed in animals before this time (Talagala and Noll 1998; Koretsky 2012; Detre et 

al. 2009). The following keywords and combinations were used to search the databases in 

a comprehensive manner: arterial spin labeling, arterial spin tagging, cerebral blood flow, 

perfusion magnetic resonance imaging, perfusion weighted MRI, perfusion MRI, magnetic 

resonance imaging, mild traumatic brain injury, mTBI, traumatic brain injury, concussion, 

sports-related concussion, brain concussion, brain injury, brain damage, brain trauma.
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Stage 2: The full-text results were combined into Rayyan software (Ouzzani et al. 2016) 

and reviewed by two independent raters who removed duplicates and excluded irrelevant 

articles based on the following prespecified inclusion and exclusion criteria:

1. Full text article published in a peer reviewed medical journal presenting original 

data. Excluded review or commentary articles summarizing the work of others. 

Excluded abstracts without full text and published poster abstracts.

2. Study conducted on humans.

3. Study included analysis of a group diagnosed with mTBI or concussion. When 

mixed brain injury samples were studied, the results must have been provided 

separately for a subgroup of participants with mTBI. Our author group considers 

concussion to be a mild form of a broader spectrum of mTBI. In particular, 

mTBI is often defined as admission Glasgow Coma Scale score 13–15 or 

through somewhat more restrictive criteria that place a cap on the duration of any 

unconsciousness or posttraumatic amnesia (e.g., per definition of the American 

Congress of Rehabilitation Medicine) (Kay et al. 1993). Concussion, on the 

other hand, is typically reserved to describe mTBIs for which there are no acute 

intracranial findings on neuroimaging; in the context of sport-related injuries, 

concussions tend to be characterized by acute signs/symptoms suggesting much 

milder injuries (e.g., low prevalence of unconsciousness/amnesia) than those 

in civilian/hospital-recruited populations. Due to the small number of studies 

eligible for inclusion, we planned to include any sample characterized as mTBI 

by the author, so long as admission Glasgow Coma Scale scores were at least 13.

4. Study presented data on at least one variable assessing CBF using ASL, 

including various different ASL MRI techniques, such as two or three 

dimensional (2D or 3D) pCASL, 2D or 3D PASL, VS-ASL (velocity selective 

ASL), SNS-ASL (spatially nonselective ASL), true FISP (true fast imaging with 

steady state precession) ASL, etc.

A third independent rater compared the results for final consensus of the included articles.

Stage 3: Based on the final included articles, two independent raters were given the 

full text in order to extract study characteristics for quality. These characteristics were 

entered into independent evidence tables that summarized key components of each study 

including sample and control demographics and descriptions, time since injury, concussion 

definition, results, limitations, etc. The two evidence tables were analyzed by a third party 

for comparison, clarification, and discrepancy resolution.

The third party created a final master evidence table, which was used as the basis for the 

study results. The flow chart depicted in Figure 1 reports the number of articles identified 

during screening and excluded at each phase of review.

Risk of Bias Ratings and Data Analysis

For those articles that met the inclusion criteria, the quality of the evidence was evaluated 

by employing the qualitative and quantitative tools described in the AAN guidelines 
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(Gronseth et al. 2015; Gronseth et al. 2011; Gronseth et al. 2017; Rae-Grant et al. 

2019). The guidelines include processes for evaluating both the risk of systematic bias 

in individual studies (grading criteria) and the risk at the outcome/conclusion level. The 

recommended approach for establishing studies’ risk of bias includes overlapping but 

different considerations for diagnostic, prognostic, and causation research questions. Given 

our objective, we primarily relied on the AAN guidelines for evaluating bias for questions 

of causation. In particular, to assign a Class I rating we required all of the following criteria 

to be met: (a) clearly defined inclusion/exclusion criteria, (b) primary outcome defined, 

(c) at least 80% complete data on key metrics at any time point, (d) objective outcome 

measurement, and (e) all relevant confounding characteristics presented and substantially 

equivalent between groups or appropriately accounted for statistically.

While there appears to be some variability in how the phrase “prospective study” is 

interpreted across investigators, we decided to declare a study as a prospective cohort study 

if subject enrollment and some data collection (e.g., clinical assessment) occurred prior 

to participants’ injuries occurring. However, pre-injury measurement of the outcome (CBF 

changes) was not conducted in any study identified and would further strengthen the rigor 

of a study. We felt this decision was most consistent with the AAN definition of prospective 

cohort study and perhaps leaned toward being more conservative relative to the many studies 

that recruit acutely post-injury and could meet the definition of a prospective cohort study. 

Formally, the AAN defines a prospective study as one that enrolled subjects and performed 

some data collection before the outcome is experienced, whereas a retrospective study 

enrolled patients and collected some data after at least some patients reached the outcome. 

Since the timepoint at which the outcome in this study (CBF changes due to injury) occurs 

is uncertain and the clarity of reporting around how subjects were identified in the studies 

that enrolled patients post-injury was highly variable, we felt it most straightforward and 

conservative to declare any study that enrolled subjects post-injury to be a retrospective 

cohort or case control study (i.e., one in which subjects who had already experienced the 

outcome were selected to clearly be either an mTBI or a non-mTBI patient and then that 

historical event used to predict CBF changes).

Second, to consider a study to have adequate inclusion/exclusion criteria, we primarily 

considered whether the definition of mTBI was clear. We declared studies that either cited 

a specific definition (e.g., ACRM [American Congress of Rehabilitation Medicine] or CISG 

[Concussion in Sport Group] consensus guidelines) or listed the elements of widely accepted 

definitions (e.g., head trauma with altered mental status or new-onset symptoms) to be 

adequate. We declared studies relying on clinician diagnoses without specific criteria to be 

inadequate, as well as definitions written so broadly they conflicted with widely accepted 

definitions (e.g., allowing for cases with bodily trauma and perfect mental status to be 

declared as mTBI) (Barlow et al. 2017).

Finally, after rating each study’s risk of bias, we synthesized the evidence to develop 

conclusions. AAN recommends specific language for certainty (“highly likely,” “likely,” 

“possible,” or “insufficient evidence”) based on the number of studies available in each 

class and consideration of other factors. Risk of bias is intended to primarily address 

sources of systematic bias, but factors that might affect the strength of findings (e.g., low 
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power) should be considered in determining certainty for one’s conclusions. For studies that 

did not perform multiple comparison correction, we did so using the false discovery rate 

control method when possible from the reported data, and we described how the author’s 

conclusions were affected. Other factors such as the consistency of findings, statistical 

power of studies, effect sizes, biological plausibility, and evidence for a dose-response 

relationship were considered. Risk of bias decisions are documented in Table 1. Because 

all studies were determined to have sufficiently objective outcome measures, these variables 

are excluded from Table 1. Additional data on the study methods are presented in Tables 

2–5 including (1) participant demographics, (2) participant characteristics (injury cause, 

concussive history), (3) time lapsed (acute, subacute, or chronic assessment), (4) ASL 

technique and protocol, (5) ASL data analysis approaches, (6) other imaging or clinical 

assessments, (7) main results of the study, and (8) study conclusion (see Tables 1–5 for data 

extraction results).

Results

The initial search strategy was extremely liberal in order to capture all possible articles 

for inclusion in this review. The flow chart in Figure 1 depicts the number of articles 

identified and excluded at each stage as well as reasons for exclusion. Raters coded the 

first recognized reason for exclusion, which may underestimate the actual frequency of the 

reasons. In summary, 258 unique records were identified upon the initial search, 229 which 

were excluded due to studying the wrong population (n=105 non-humans or non-mTBI), 

not collecting or presenting ASL measures of CBF (n=63), being the wrong publication 

type (e.g., conference presentation, commentary, review; n=61). In the rest of 29 articles 

with full-text, 6 of them were further excluded due to reporting the wrong population (n=1 

mixed mild and moderate TBI sample) or not reporting ASL main findings (n=2) or being a 

duplicate not identified as such until full-text review (n=3). The final 23 articles that met the 

inclusion/exclusion criteria are summarized below.

Quality indices and AAN grading for studies including a control group are summarized 

in Table 1. All studies were determined to have sufficiently objective outcome measures 

and clearly defined outcomes, so these factors are excluded from the table. Per the AAN 

guidelines, the 23 articles comprised two Class I, eight Class II, four Class III, and nine 

Class IV studies.

Table 2 summarizes the basic design of each study including sample size, age and gender, 

mTBI definitions/diagnosis, time post-injury of assessment, injury cause, and prospective 

studies with follow-up. The term “mTBI” is used to describe a variety of mild brain injuries, 

with variability across different patient populations (e.g., sport, hospital) and diagnostic 

criteria. Up to 566 mTBI patients and 654 control subjects were evaluated across the 23 

studies, although this is an overestimate given overlap in three study samples.1 The sample 

1Per personal communication with Dr. Churchill, the 26 concussed participants and 26 control subjects in Churchill et al. (2017b) 
were also in the Churchill et al. (2017a) study. In Churchill et al. (2019a), 6/21 concussed athletes overlapped with the sample in 
Churchill (2017a). In Churchill et al. (2019b), 21/24 concussed subjects were also in Churchill et al. (2017a) and 15/24 were also in 
Churchill et al. (2017b). The control subjects included in both 2017 studies by Churchill et al. were included in the large, normative 
dataset reported in Churchill et al. (2019b).
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sizes of mTBI patients with ASL data ranged from seven (Coverdale et al. 2020) to 66 

(Hamer et al. 2019). Four studies focused only on a pediatric sample (younger than 18 years 

old) (Barlow et al. 2017; Stephens et al. 2018; Y. Wang et al. 2015; Brooks et al. 2019), 

three studies enrolled both adolescents and young adults (14–22 years old) (Y. Wang et al. 

2016; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018), ten studies were conducted 

on college athletes of young adult age (18–22 years old) (Churchill et al. 2017a; Churchill 

et al. 2017b; Meier et al. 2015; Militana et al. 2016; Y. Wang et al. 2019; Churchill et al. 

2019a, 2019b; Hamer et al. 2019), and other reports studied adults with a wider range of 

ages (Doshi et al. 2015; Ge et al. 2009; Lin et al. 2016; Liu et al. 2016; Moller et al. 2017; 

Peng et al. 2016; Sours et al. 2015). Twenty of 23 studies recruited control subjects matched 

on age (Barlow et al. 2017; Churchill et al. 2017a; Churchill et al. 2017b; Doshi et al. 2015; 

Ge et al. 2009; Lin et al. 2016; Meier et al. 2015; Moller et al. 2017; Peng et al. 2016; Sours 

et al. 2015; Stephens et al. 2018; Y. Wang et al. 2016; Y. Wang et al. 2019; Y. Wang et al. 

2015; Brooks et al. 2019; Churchill et al. 2019a, 2019b; Coverdale et al. 2020; Hamer et 

al. 2019). Two studies on college football involved male athletes only (Meier et al. 2015; Y. 

Wang et al. 2016), while the other 21 studies included mixed-gender samples ranging from 

27% to 71% males. Thirteen of these studies recruited control subjects matched on gender 

(Barlow et al. 2017; Churchill et al. 2017a; Churchill et al. 2017b; Lin et al. 2016; Moller 

et al. 2017; Peng et al. 2016; Stephens et al. 2018; Y. Wang et al. 2019; Brooks et al. 2019; 

Churchill et al. 2019a, 2019b; Hamer et al. 2019), and the majority of groups were also 

matched on age. Fifteen of 23 studies reported findings related to sport-related concussion 

(SRC) (Barlow et al. 2017; Churchill et al. 2017a; Churchill et al. 2017b; Meier et al. 2015; 

Militana et al. 2016; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018; Stephens et al. 

2018; Y. Wang et al. 2016; Y. Wang et al. 2019; Y. Wang et al. 2015; Churchill et al. 2019a, 

2019b; Coverdale et al. 2020; Hamer et al. 2019); seven studies reported mTBI from mixed 

injury causes including motor vehicle collision (MVC), fall, assault, bicycle, sports, etc. 

(Doshi et al. 2015; Ge et al. 2009; Lin et al. 2016; Moller et al. 2017; Peng et al. 2016; Sours 

et al. 2015; Brooks et al. 2019); and one study recruited patients from a military hospital and 

did not specify causes of injury (Liu et al. 2016). Fourteen studies reported clear definitions 

of mTBI: four used the ACRM definition (Doshi et al. 2015; Lin et al. 2016; Liu et al. 2016; 

Moller et al. 2017), one used the U.S. Department of Defense’s definition (Y. Wang et al. 

2016), nine (Churchill et al. 2017a; Churchill et al. 2017b; Militana et al. 2016; W. A. C. 

Mutch et al. 2018; Churchill et al. 2019a, 2019b; Coverdale et al. 2020; Hamer et al. 2019; 

Y. Wang et al. 2019) used the definition of the Concussion in Sport Group (McCrory et 

al. 2017), and the remaining eight studies defined mTBI by the Glasgow Coma Scale (i.e., 

13–15) or other criteria (Barlow et al. 2017; Ge et al. 2009; Meier et al. 2015; W. A. Mutch 

et al. 2016; Peng et al. 2016; Sours et al. 2015; Stephens et al. 2018; Brooks et al. 2019). 

The reasons why studies did not meet our criteria for an acceptable definition of mTBI are 

listed in the Table 1 note.

The studies sampled mTBI participants at varying intervals post-injury with inconsistent 

terminology of acute, subacute, and chronic stages used across the different reports. For 

uniformity in this review, we adopted the injury stage definition from the SRC Common 

Data Elements (CDE) Working Groups of the National Institute of Neurological Disorders 

and Stroke, as follows: acute, injury <72 hours;subacute, >72 hours and <3 months; and 
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chronic, ≥3 months. Of the 14 cross-sectional studies, one research study focused on 

acute concussion only (24–48 hours) (Y. Wang et al. 2019), four studies included findings 

from mixed acute or early subacute stages (1–7 days post-injury) (Churchill et al. 2017a; 

Churchill et al. 2017b; Doshi et al. 2015; Churchill et al. 2019a), four studies reported 

findings from subacute mTBI with different time windows after injury (Barlow et al. 2017; 

Lin et al. 2016; Militana et al. 2016; W. A. C. Mutch et al. 2018), seven studies focused 

on chronic mTBI (Ge et al. 2009; Moller et al. 2017; W. A. Mutch et al. 2016; Y. Wang 

et al. 2015; Brooks et al. 2019; Coverdale et al. 2020; Hamer et al. 2019), and one study 

compared both subacute and chronic mTBI subjects with control subjects (Liu et al. 2016). 

Of the six studies with follow-up ASL exams, only one assessed patients at acute, subacute, 

and chronic stages (Peng et al. 2016). One study did not separate findings from the acute 

and early subacute stages but followed patients at later subacute and chronic stages (Sours 

et al. 2015); one followed concussed football players at acute and subacute phases (Y. Wang 

et al. 2016); one studied two time points during the subacute stage (two and six weeks 

after injury) (Stephens et al. 2018); one studied concussed athletes at acute, early, and later 

subacute stages (Meier et al. 2015); and one studied concussed athletes at acute or early 

subacute stages, and then followed them at return-to-play (RTP) and one year after RTP 

(Churchill et al. 2019b).

Table 3 presents the imaging parameters and clinical assessments performed in each 

study. While all ASL studies were conducted on a 3 Tesla magnetic resonance scanner, 

manufacturer and head coil channels varied across studies. Regarding the ASL acquisition 

method, ten studies applied the 2D PASL sequence (Churchill et al. 2017a; Churchill et 

al. 2017b; Doshi et al. 2015; Peng et al. 2016; Sours et al. 2015; Stephens et al. 2018; Y. 

Wang et al. 2015; Churchill et al. 2019a, 2019b; Hamer et al. 2019), whereas ten studies 

used the pCASL sequence, six of which used the 3D pCASL sequence (Barlow et al. 

2017; Lin et al. 2016; Liu et al. 2016; Meier et al. 2015; Y. Wang et al. 2016; Brooks 

et al. 2019) and the other four used 2D pCASL sequence (Militana et al. 2016; Moller 

et al. 2017; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018). Notably, one study 

reported findings from two sites, one using 3D pCASL and another one using 2D PASL 

(Y. Wang et al. 2019). Another two studies applied very unique ASL sequences (Coverdale 

et al. 2020; Ge et al. 2009). Except for five studies from the same group (Churchill et 

al. 2017a; Churchill et al. 2017b; Churchill et al. 2019a, 2019b; Hamer et al. 2019), the 

ASL acquisition parameters (e.g., repetition time, echo time, labeling duration, post-labeling 

delay, spatial resolution, total labeling, control images) varied markedly across studies. Most 

studies (21 of 23) acquired ASL data during resting state to assess the resting CBF. Two 

studies conducted a task ASL study where subjects were requested to complete a 20-min 

psychomotor vigilance test (PVT) inside the scanner during simultaneous measurements of 

ASL and reaction time (Liu et al. 2016; Moller et al. 2017), and one of them also acquired 

additional resting ASL data (Moller et al. 2017). In addition to ASL results, findings from 

other imaging modalities were reported in ten studies, including functional connectivity (FC) 

using resting-state functional MRI (fMRI) (Churchill et al. 2017b; Militana et al. 2016; 

Sours et al. 2015; Churchill et al. 2019b) and cerebrovascular reactivity (CVR) measured 

using blood oxygenation level dependent (BOLD) fMRI during hypercapnia of controlled 

carbon dioxide (CO2) (Militana et al. 2016; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 
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2018; Churchill et al. 2019a; Coverdale et al. 2020); one of these reported findings for both 

FC and CVR in addition to resting CBF (Militana et al. 2016). Another study combined CBF 

with susceptibility-weighted imaging for venous blood oxygenation quantification (Doshi 

et al. 2015). In addition to anatomical imaging (T1 and FLAIR), several studies acquired 

resting-state fMRI, diffusion tensor imaging, or susceptibility-weighted imaging, but not all 

of them included related findings in their ASL reports (Churchill et al. 2017a; Churchill et 

al. 2017b; Doshi et al. 2015; Liu et al. 2016; Moller et al. 2017; Churchill et al. 2019b). 

Given the aims of this review, we only report on the studies’ CBF findings.

Various clinical measures appropriate for the stage of mTBI and age of the subjects 

were utilized to determine the relationship between CBF and clinical assessments, most 

commonly a TBI/concussion symptom checklist such as the Sport Concussion Assessment 

Tool 3, Post-Concussion Symptom Inventory, Rivermead Post Concussion Symptoms 

Questionnaire, or Post-Concussion Symptom Scale. Assessments of cognitive function, 

postural stability, psychiatric symptoms, sleep, quality of life, and return to daily function 

were also employed by some studies. (See the Table 3 note for a detailed list of clinical 

assessments, which varied substantially across studies.) Of note, although four studies 

enrolled participants post-injury and were able to obtain pre-injury clinical data routinely 

collected in participants’ athletic programs (Barlow et al. 2017; Churchill et al. 2017a; 

Churchill et al. 2017b; Churchill et al. 2019a, 2019b), only two studies enrolled participants 

and conducted clinical assessments pre-injury (Y. Wang et al. 2016; Y. Wang et al. 2019).

Table 4 presents data analysis procedures across studies. To estimate individual CBF 

maps using the acquired ASL data, various imaging tools were utilized across studies 

including manufacturer-provided online ASL processing software or offline processing 

using different publicly available packages or in-house software, all of which were 

based on the established one-compartment model (Buxton 2005). For post-processing 

of CBF maps, different imaging analysis packages such as SPM (Statistical Parametric 

Mapping, www.fil.ion.ucl.ac.uk/spm), AFNI (Analysis of Functional Neuroimaging, 

afni.nimh.nih.gov), FSL (FMRIB Software Library, fsl.fmrib.ox.ac.uk/fsl/fslwiki), ASLtbx 

(cfn.upenn.edu/~zewang/ASLtbx.php), and additional in-house software were utilized. Care 

was taken during post-processing steps in 16 studies to control for the significant difference 

between perfusion in the grey matter (GM) and white matter (WM) (Parkes et al. 2004) and 

the limited ability of the standard ASL protocol to reliably measure WM perfusion (Alsop 

et al. 2015). Ten studies applied a GM mask generated from a segmentation of anatomical 

images to restrict analysis on GM only (Barlow et al. 2017; Churchill et al. 2017a; Churchill 

et al. 2017b; Meier et al. 2015; Militana et al. 2016; Sours et al. 2015; Brooks et al. 2019; 

Churchill et al. 2019a, 2019b; Coverdale et al. 2020). Two studies conducted the correction 

of partial volume effects on GM ASL data; one of them (Y. Wang et al. 2019) used a 

regression algorithm (Asllani et al. 2008) and another (Peng et al. 2016) used the GM 

density as covariate in data analysis. In order to reduce data noise caused by inter-subject 

variations in global CBF, three studies calculated rCBF (relative CBF) as normalized by the 

whole-brain average or mean GM CBF (Meier et al. 2015; Stephens et al. 2018; Y. Wang et 

al. 2019).
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For statistical analysis on group-level comparisons, seven studies (Doshi et al. 2015; Ge 

et al. 2009; Lin et al. 2016; Militana et al. 2016; Peng et al. 2016; Sours et al. 2015; 

Coverdale et al. 2020) used region-of-interest (ROI) approaches, where ROIs were defined 

using the template atlas (Doshi et al. 2015; Lin et al. 2016; Peng et al. 2016), were manually 

drawn on anatomical images (Ge et al. 2009), used a network generated from an FC 

analysis using resting-state functional MRI (Militana et al. 2016; Sours et al. 2015), or 

were derived from a working memory task fMRI (Coverdale et al. 2020). Student’s t-test 

or analysis of covariance was applied on ROI-averaged CBF to assess group differences or 

longitudinal changes within group. The majority of the studies (16 of 23) conducted whole 

brain voxelwise analysis for group comparisons. Seven of the studies used SPM second-level 

analysis within a general linear model framework for group comparison (Barlow et al. 2017; 

Liu et al. 2016; Moller et al. 2017; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018; 

Y. Wang et al. 2015; Brooks et al. 2019), and five studies applied a bootstrapped resampling 

framework (Churchill et al. 2017a; Churchill et al. 2017b; Churchill et al. 2019a, 2019b; 

Hamer et al. 2019). The latter nonparametric approach avoids any distributional assumptions 

about the ASL data being analyze and is robust to the influence of outliers (Churchill et 

al. 2017b). Another three studies used the AFNI mixed-effects multilevel analysis tool to 

perform an analysis of covariance that incorporates both the variability across subjects and 

the precision estimate of each effect of interest from individual subject analyses, including 

appropriate covariates (Meier et al. 2015; Y. Wang et al. 2016; Y. Wang et al. 2019). Five of 

13 studies using the whole brain voxelwise analysis also used the significant brain regions 

identified in a voxel-based analysis as the ROIs for further group analysis (Meier et al. 2015; 

Stephens et al. 2018; Y. Wang et al. 2016; Y. Wang et al. 2019; Brooks et al. 2019). Twelve 

studies took steps to account for the effects of potential confounding variables, such as age 

(Barlow et al. 2017; Churchill et al. 2017a; Churchill et al. 2017b; Ge et al. 2009; Liu et al. 

2016; Meier et al. 2015; Moller et al. 2017; Sours et al. 2015; Stephens et al. 2018; Y. Wang 

et al. 2016; Y. Wang et al. 2019; Y. Wang et al. 2015; Brooks et al. 2019), gender (Barlow 

et al. 2017; Churchill et al. 2017a; Churchill et al. 2017b; Liu et al. 2016; Moller et al. 

2017; Stephens et al. 2018; Y. Wang et al. 2019; Y. Wang et al. 2015; Churchill et al. 2019a; 

Hamer et al. 2019), previous concussion (Churchill et al. 2017a; Churchill et al. 2017b; 

Meier et al. 2015; Y. Wang et al. 2019; Churchill et al. 2019a), years of education (Liu et 

al. 2016; Moller et al. 2017), participation in collision sports and days post injury (Churchill 

et al. 2019a), and study site (Y. Wang et al. 2019). One study specifically investigated 

gender differences (Hamer et al. 2019). Only thirteen studies applied a multiple comparison 

correction to control for type I error using different approaches including familywise error 

correction (Liu et al. 2016; Meier et al. 2015; Moller et al. 2017; Stephens et al. 2018; Y. 

Wang et al. 2016; Y. Wang et al. 2019; Y. Wang et al. 2015; Churchill et al. 2019a, 2019b; 

Hamer et al. 2019), false discovery rate correction (Brooks et al. 2019), or Bonferroni 

correction (Ge et al. 2009; Meier et al. 2015).

The main findings of each study are summarized in Table 5. Findings varied markedly 

across studies in terms of increases, decreases, or no changes in resting CBF measures. 

Though at different stages after injury, ten of the 23 studies reported decreased CBF in 

mTBI patients relative to controls (Churchill et al. 2017a; Churchill et al. 2017b; Ge et al. 

2009; Lin et al. 2016; Meier et al. 2015; Peng et al. 2016; Y. Wang et al. 2016; Y. Wang 
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et al. 2019; Y. Wang et al. 2015; Hamer et al. 2019), two studies showed increased CBF 

associated with mTBI (Doshi et al. 2015; Stephens et al. 2018), and one study found both 

higher and lower regional CBF in chronic mTBI (Brooks et al. 2019). Six studies found 

no significant group differences in resting CBF (Moller et al. 2017; W. A. C. Mutch et al. 

2018; Militana et al. 2016; Churchill et al. 2019a; Coverdale et al. 2020; Liu et al. 2016). 

Markedly, four of those six studies only reported global mean CBF with no difference 

between groups (Churchill et al. 2019a; Militana et al. 2016; Moller et al. 2017; W. A. C. 

Mutch et al. 2018); however, another one of them found changes in CBF associated with the 

PVT cognitive task (Moller et al. 2017). In contrast, all eight reports focusing on voxelwise 

analyses found significant changes in resting CBF (Churchill et al. 2017a, 2019b; Hamer et 

al. 2019; Meier et al. 2015; Stephens et al. 2018; Y. Wang et al. 2016; Y. Wang et al. 2019; 

Y. Wang et al. 2015). More interestingly, three additional studies showed significant findings 

not in global but only in regional resting CBF (Brooks et al. 2019; Churchill et al. 2017b; W. 

A. Mutch et al. 2016), while another report found changes in both global and regional CBF 

(Barlow et al. 2017).

Four of six longitudinal studies demonstrated decreased CBF over the post-mTBI recovery 

period. Meier et al. (Meier et al. 2015) reported reduced regional CBF from one day to 

one week and one month post-injury, a time frame in which neuropsychological symptoms 

resolved. Importantly, CBF was still decreased at one month post-concussion in slower-to-

recover athletes and was inversely related to the magnitude of initial psychiatric symptoms 

(Meier et al. 2015). Similarly, Peng and colleagues found regional CBF was reduced at 

the acute stage and restored at the chronic stage (Peng et al. 2016), though no clinical 

correlation with dynamic CBF changes was stated. Furthermore, concussed athletes in 

another SRC study (Y. Wang et al. 2016) demonstrated a significant decrease in CBF at eight 

days relative to within 24 hours after injury, while clinical symptoms and cognitive measures 

demonstrated significant impairment compared with preseason baseline levels at 24 hours 

but returned to baseline levels at eight days. These findings support the hypothesis that 

physiological changes persist beyond the point of clinical recovery after SRC (Y. Wang et al. 

2016). In one additional longitudinal study, mTBI patients with post-concussive syndrome 

(PCS) were compared with patients without PCS; these mTBI patients demonstrated an 

imbalance in the ratio of CBF between the default mode network (DMN) and task positive 

network nodes across multiple stages of recovery, without significant group differences 

in network average CBF. Only one longitudinal report showed higher regional CBF in 

SRC patients relative to controls at two and six weeks after injury, without significant 

changes between visit 1 and visit 2 within the SRC group (Stephens et al. 2018). Another 

recent longitudinal study reported elevated CBF at the symptomatic stage after SRC and no 

significant effects of concussion for CBF at RTP, but significant regional reductions in CBF 

at one year post-RTP, which may suggest persisting effects of concussion on CBF over a 

longer time scale (Churchill et al. 2019b).

Among reports cross-sectionally comparing mTBI patients with controls, one study found 

decreased CBF in acute SRC (Y. Wang et al. 2019), where correlations were also 

found between decreased CBF and clinical assessments as well as days from injury to 

asymptomatic (Y. Wang et al. 2019). Three studies from the same cohort showed decreased 

CBF in acute or subacute SRC (Churchill et al. 2017a; Churchill et al. 2017b) and 
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demonstrated that CBF decreased as a reliable function of days post-injury (Churchill et 

al. 2017a; Churchill et al. 2017b). In addition, reduced CBF correlated with symptoms 

in recently concussed athletes (Churchill et al. 2017a; Churchill et al. 2017b). Another 

study showed decreased CBF in subacute mTBI and correlation between post-concussive 

symptoms and CBF in the hypoperfused areas (Lin et al. 2016). Two studies showed 

decreased CBF in chronic mTBI (Ge et al. 2009; Y. Wang et al. 2015; Hamer et al. 

2019). One of them showed history of concussion is associated with decreased CBF in 

male athletes (Hamer et al. 2019). Another study also found that decreased thalamic CBF 

was significantly correlated with several neurocognitive measures including processing and 

response speed, memory/learning, verbal fluency, and executive function in patients (Ge 

et al. 2009). Only one cross-sectional study reported increased regional CBF in acute or 

subacute mTBI, in addition to decreases in local venous susceptibility, indicating increases 

in venous oxygenation (Doshi et al. 2015). However, neither CBF nor susceptibility 

measures were found to correlate with symptoms and neuropsychological testing (Doshi 

et al. 2015). Interestingly, Barlow and her group found in a pediatric study that global 

CBF at the later subacute stage was higher in symptomatic mTBI patients and lower in 

asymptomatic mTBI patients compared with control subjects (Barlow et al. 2017), where 

altered patterns were associated with the recovery trajectory. Another pediatric study also 

found both regional hypoperfusion and hyperperfusion in chronic mTBI but without clear 

clinical expression (Brooks et al. 2019).

Instead of voxelwise or ROI-wise group difference in CBF values, one study illustrated 

patients with chronic PCS with an imbalance in the ratio of CBF between the DMN and task 

positive network nodes across multiple stages of recovery after mTBI (Sours et al. 2015). 

Two reports from Mutch et al. (W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018) 

found no group difference in global mean resting CBF, but patient-specific abnormalities 

in regional CBF and CVR related to the control atlas were observed in patients with PCS 

at the subacute or chronic stage after injury (W. A. Mutch et al. 2016; W. A. C. Mutch 

et al. 2018). Another subacute SRC study (Militana et al. 2016) detected no significant 

resting CBF difference between groups but found increased CVR and FC within the DMN 

in the concussed athletes (Militana et al. 2016). Although no significant group differences 

were found in the CBF at rest, one PVT study using ASL showed that chronic mTBI 

patients with fatigue after injury used different brain networks compared with healthy 

control subjects during a vigilance task, and in mTBI, there was a distinction between 

CBF changes related to fatigability versus perceived fatigue (Moller et al. 2017). Likewise, 

another study observed CBF during PVT increased in the attention network but decreased in 

the DMN areas, which suggests that bottom-up and top-down attention deficits may result in 

mental fatigue in mTBI patients (Liu et al. 2016). Two recent studies reported no global CBF 

difference between mTBI and control groups, one at the acute/early subacute stage after 

SRC (Churchill et al. 2019a) and another at the chronic stage after injury (Coverdale et al. 

2020), but found mTBI associated with reduced CVR as measured using the BOLD fMRI.

Discussion

A total of 23 studies published through February 20, 2020, met inclusion criteria for 

this review of ASL imaging in mTBI patients. Applying AAN guidelines for risk of bias 
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assessments, we identified two Class I, eight Class II, four Class III, and nine Class IV 

studies. Overall findings, particularly combined from Class I and II studies included in the 

review, reinforce the notion that it is “likely” that aberrant CBF after mTBI can be detected 

using ASL perfusion MRI. In particular, most Class I and II studies of the acute to early 

subacute (e.g., within one week post-injury) found that concussed individuals demonstrated 

similar or lower CBF versus controls (Y. Wang et al. 2016; Y. Wang et al. 2019; Churchill 

et al. 2017b), which decreased further over the first week post-injury (e.g., Churchill et 

al., 2017b (Churchill et al. 2017b); Wang et al., 2016 (Y. Wang et al. 2016)). Findings of 

early reductions in CBF align with the preclinical literature but conflicted with some studies 

(e.g., Churchill et al., 2019 (Churchill et al. 2019b)). Thus, we settled on a conclusion of a 

likely, but not definitive, relationship between mTBI and ASL-measured CBF. Among the 

stronger (i.e., Class II) studies that investigated later stages of mTBI recovery, findings also 

tended to favor lower CBF or statistically equivalent CBF in mTBI patients versus controls 

between one month and one year post-injury (Churchill et al. 2019b). However, findings 

from studies with more risk of bias were variable and sometimes in the opposite direction. 

Obviously, there is considerable variability with respect to study design, time period of exam 

post-injury, MRI settings, ASL acquisition sequences, degree of control matching, and data 

analysis procedures across studies. It would be quite complicated to determine the extent to 

which these methodological variations across studies contribute to the variation reflected in 

the results, especially given that mTBI is highly heterogeneous (Kenzie et al. 2017). Taking 

this into account, it is understandable that the results from existing ASL studies in mTBI are 

diverse.

To illustrate variable study methodologies, four of six papers with null findings reported 

the global mean CBF only at rest (Churchill et al. 2019a; Militana et al. 2016; Moller et 

al. 2017; W. A. C. Mutch et al. 2018); another one of them, however, found changes in 

CBF during a cognitive task (Moller et al. 2017). In contrast, all eight reports focusing 

on voxelwise analyses showed significant relationships between mTBI and resting CBF 

(Churchill et al. 2017a, 2019b; Hamer et al. 2019; Meier et al. 2015; Stephens et al. 2018; 

Y. Wang et al. 2016; Y. Wang et al. 2019; Y. Wang et al. 2015). More interestingly, three 

additional studies showed significant findings only in regional resting CBF (Brooks et al. 

2019; Churchill et al. 2017b; W. A. Mutch et al. 2016), while another report found changes 

in both global and regional CBF (Barlow et al. 2017). Apparently, these findings suggest 

that changes in ASL-derived CBF caused by mTBI may be primarily regional, implying that 

global CBF measures alone may obscure important effects. It is important to note that nine 

of 23 studies did not correct for multiple comparisons (Barlow et al. 2017; Coverdale et al. 

2020; Doshi et al. 2015; Lin et al. 2016; Militana et al. 2016; W. A. Mutch et al. 2016; W. A. 

C. Mutch et al. 2018; Peng et al. 2016; Sours et al. 2015). Caution should be exercised when 

interpreting results from these studies.

Although there was limited convergence in terms of anatomical location of CBF changes 

after injury and its relationship with clinical assessments, significantly reduced CBF was 

identified in acute, subacute, and chronic stages of mTBI (Churchill et al. 2017a; Churchill 

et al. 2017b; Ge et al. 2009; Y. Wang et al. 2016; Y. Wang et al. 2019; Y. Wang et al. 2015; 

Lin et al. 2016; Churchill et al. 2019b; Hamer et al. 2019). The findings of decreased CBF 

after mTBI from the majority of ASL studies included in this review are largely in accord 
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with existing preclinical studies (Forbes et al. 1997; Hayward et al. 2010; Hendrich et al. 

1999; Kochanek et al. 2002). Reduced CBF signifies one of the most lasting markers in 

animal models of TBI (Pasco et al. 2007; McGoron et al. 2008; Giza and Hovda 2014), 

as CBF was shown to decrease immediately after injury in an animal model (Ginsberg et 

al. 1997; Muir et al. 1992), and decreased regional CBF persisted after injury (Yamakami 

and McIntosh 1989). However, increased CBF after mTBI was also highlighted in two 

ASL studies on mTBI at acute or subacute stages (Doshi et al. 2015; Stephens et al. 

2018), though one of them had limited interpretation due to a small sample size (i.e., 

findings that would not survive correction for multiple comparisons) (Doshi et al. 2015). 

One possible explanation with regard to contradicting results may be that patients with more 

symptoms might have higher CBF values (Stephens et al. 2018). Indeed, Churchill et al. 

found that specific symptom clusters may have distinct patterns of altered CBF (Churchill 

et al. 2017a), where concussed athletes with more cognitive symptoms showed significantly 

lower CBF and athletes with more somatic symptoms had significantly higher CBF relative 

to control subjects. Furthermore, Barlow and associates observed globally increased CBF 

in symptomatic mTBI and globally reduced CBF in asymptomatic mTBI relative to control 

subjects (Barlow et al. 2017), where concussed children with decreased CBF clinically 

recovered quickly, suggesting clinical recovery precedes cerebral recovery (Barlow et al. 

2017). The observed variability in ASL results necessitates additional research, particularly 

on the role of post-injury CBF with regard to symptom status and recovery (Stephens 

et al. 2018). Nonetheless, CBF perfusion may be a marker of physiological status after 

mTBI. Recent research suggests SRC might be primarily a neurophysiologic injury mainly 

affecting CBF (Maugans et al. 2012). Existing data indicate ASL perfusion MRI has 

diagnostic potential as a sensitive method of detecting CBF abnormalities, even 24 hours 

up to one year after injury in concussed individuals.

Currently, only a few longitudinal studies have tested the prognostic ability of ASL in 

an mTBI or concussion sample. Meier et al. (Meier et al. 2015) reported both cross-

sectional and longitudinal evidence of regional CBF recovery. Importantly, CBF in the 

dorsal mid-insular cortex was both decreased at one month post-concussion in slower-to-

recover athletes and was inversely related to the magnitude of initial psychiatric symptoms, 

suggesting a potential prognostic indication for CBF as a biomarker (Meier et al. 2015). 

Peng and colleagues also described that CBF in various brain regions as measured using 

ASL may play a reference role in evaluating a patient’s condition and estimating prognosis 

after mTBI (Peng et al. 2016). Moreover, Sours and associates found that patients with 

chronic PCS demonstrated an imbalance in the ratio of CBF between the DMN nodes and 

task positive network nodes across multiple stages of recovery after mTBI, which suggests 

the altered network perfusion with the associated changes in resting-state FC may be a 

predictor of which mTBI patients will develop chronic PCS (Sours et al. 2015). Churchill et 

al. found that regional CBF reliably decreased as a function of days post-injury within the 

first week after SRC (Churchill et al. 2017b), and the most recent longitudinal report from 

the same group showed that the effects of concussion on CBF may persist over a longer time 

scale (perhaps one year after RTP) (Churchill et al. 2019b). Collectively, these examples 

highlight the prognostic potential of ASL perfusion MRI in mTBI. However, how CBF 

metrics change as the injury progresses or recovers remains unclear. Therefore, whether an 
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observed change in CBF in the acute phase following injury or at any time over the course of 

recovery is predictive of poorer outcome merits far more longitudinal investigation.

It is an established notion that numerous factors interact dynamically to influence 

an individual’s recovery trajectory after mTBI (Kenzie et al. 2017). When explaining 

CBF findings, two important biological variables—age and gender—should always be 

considered. For example, there are well-accepted effects of age and gender on CBF values 

in healthy subjects (Detre et al. 2009), and age may play a critical role in recovery after 

concussion as well (Maugans et al. 2012). Two of three pediatric cross-sectional studies have 

reported both regional increased and decreased CBF in subacute or chronic mTBI (Barlow 

et al. 2017; Brooks et al. 2019). In contrast, two of three studies with a mixed sample of 

adolescents and young adults (W. A. Mutch et al. 2016; Y. Wang et al. 2019) only showed 

decreased CBF at the acute or chronic stage of SRC. Unfortunately, no study directly 

compared different age groups. Furthermore, one study explicitly investigated gender effects 

on CBF and found clear gender differences at the chronic SRC recovery stage (Hamer et 

al. 2019). While most ASL studies attempted to match groups on both age and gender or 

control for them in data analysis, interpretation of the effects of age and gender on CBF 

changes is still limited in the mTBI sample. In addition, other factors including pre-existing 

conditions, such as genetics, biomechanics, and premorbid psychological functioning, all 

likely come into play, which might drive premorbid CBF difference and impact postinjury 

CBF (Kenzie et al. 2017). The effects of those factors have not been elucidated in existing 

ASL studies on mTBI. The inclusion of pre-participation data would be ideal and help better 

clarify the diverse findings on post-injury CBF.

Brooks et al. recently found that youth with a history of concussion had hypoperfusion in 

posterior and inferior regions and hyperperfusion in anterior, frontal, and temporal regions 

(Brooks et al. 2019), although the regional CBF alteration was not significantly associated 

with clinical measures. Though there is increasing recognition of the potential effects of 

previous concussion, only six studies in this review evaluated the concussion history and 

only one of them found a specific effect of previous concussion on decreased CBF in 

chronic mTBI (Y. Wang et al. 2015). The lack of data in the context of the effects of 

repetitive mTBI or subconcussive exposure of recurrent head impacts on an individual’s 

CBF results is notable. Due to the heterogeneity and complexity seen within mTBI, it is 

likely that a wide variety of destructive and restorative processes are at work in parallel 

(Kenzie et al. 2017; Giza and Hovda 2014). Although longitudinal follow-up data have 

been published, the question of how to identify proper time points to detect underlying 

pathophysiology as measured using ASL to help diagnosis or recovery trajectory prediction 

in mTBI remains a vital question for future clinical trials.

Observed heterogeneity in mTBI arguably stems from the complexity of the condition itself, 

as the mechanisms of injury, clinical features, and patient experiences are all extremely 

heterogenous (Kenzie et al. 2017). Generally, SRC falls at the mild end of the TBI severity 

continuum (Mayer et al. 2017). The majority of ASL studies in this review focused on 

SRC, and all but one of the non-SRC studies examined civilian (vs. military) mTBI. Due 

to the vast methodological diversity across studies, it is enormously challenging to compare 

results from these studies to reveal the effect of different mechanisms of injury (e.g., blast 
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or impact) or contexts of injury (e.g., football game, car accident, or fall). Additional 

research should evaluate CBF dose response based on injury type and severity (Y. Wang 

et al. 2016). Moreover, biomechanics and other injury characteristics further interact with 

individual variation in physiology, along with other personal characteristics such as age, 

gender, preinjury conditions, and genetics (Kenzie et al. 2017). In light of this, exact regions 

showing significant CBF alterations in mTBI varied across reports, which might be due 

to different sample characteristics or the use of different methodology in assessments. 

Similarly, it was not totally surprising to see no positive CBF results from direct voxelwise 

or ROI-wise comparison between mTBI patients and controls in a few studies (Sours et al. 

2015; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018; Militana et al. 2016). Instead, 

patient-specific abnormalities were identified by detecting voxels that responded less than or 

greater than the mean healthy control group from the atlas (i.e., abnormal voxel counts) (W. 

A. Mutch et al. 2016; W. A. C. Mutch et al. 2018). Of note, certain key FC networks (e.g., 

DMN) are reported more often than others despite very different approaches across studies 

(Militana et al. 2016; Sours et al. 2015; Liu et al. 2016), which may further suggest the 

vulnerability of these networks to mTBI. (See the review by Mayer and colleagues (Mayer et 

al. 2015) for discussion.)

As an alternative to resting CBF, five studies reported positive changes in CVR (Militana 

et al. 2016; W. A. Mutch et al. 2016; W. A. C. Mutch et al. 2018; Churchill et al. 2019a; 

Coverdale et al. 2020), where CVR was assessed as the change in CBF that occurs in 

response to a vasoactive stimulus, such as during hypercapnia using controlled CO2. CO2 is 

a potent cerebral vasomotor agent, as indicated by the typical rapid increase or decrease in 

CBF in response to changes in the partial pressure of arterial carbon dioxide (PaCO2), and 

thus represents a significant mediator of CVR (Len et al. 2013; Len et al. 2011). Although 

animal studies have demonstrated mTBI impairs CBF response to CO2 (Pop and Badaut 

2011), previous works suggest patient-specific alterations in cerebrovascular physiology can 

be safely and reliably assessed using validated MRI-based CVR assessment techniques such 

as BOLD fMRI or ASL (Ellis et al. 2016). These demonstrated the sensitivity in localizing 

subtle brain injuries (W. A. Mutch et al. 2014). Moreover, other than the resting CBF, insight 

into individuals’ responses to physiological stress (e.g., hypercapnia) may prove very useful 

toward the development of markers for recovery from mTBI (A. J. Gardner et al. 2015; 

Len and Neary 2011; Len et al. 2013; Len et al. 2011; Tan et al. 2014; W. A. Mutch et al. 

2014). However, the ability of CVR assessment to accurately confirm recovery following 

concussion has not been fully determined using a longitudinal design (Ellis et al. 2016; W. 

A. Mutch et al. 2014). Because the aim of this review was to investigate ASL measures 

of CBF, we did not comprehensively target studies of CVR. More thorough review of CVR–

mTBI literature, as well as further study of CVR as a candidate biomarker of mTBI, may be 

fruitful.

As the quality of ASL-derived perfusion maps has reached a level that makes the method 

useful for many clinical and research applications, ASL is still a rapidly developing field 

in view of technical innovation and applications (Alsop et al. 2015). Although the 3D 

pCASL technique with a higher signal-to-noise ratio and efficiency has been recommended 

as the workhorse labeling approach, with ASL images collected at a single post-labeling 

delay (Chen et al. 2011; Vidorreta et al. 2013; Alsop et al. 2015), the 2D PASL is still 
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widely available and has demonstrated good test–retest reliability (Y. Wang et al. 2011). One 

advantage of 2D PASL is that single-shot acquisition is immune to inconsistency between 

excitations due to motion that can affect multishot methods such as 3D pCASL (Alsop et al. 

2015). As summarized in this review, various ASL methods and protocols have been applied 

in mTBI research. The disparity of ASL imaging protocols across sites could contribute 

to present inconsistent findings between research sites. Nevertheless, Wang et al. directly 

compared results from two sites using very different 3D pCASL and 2D PASL methods and 

found very similar decreased CBF in acute concussion across sites with robust correlations 

between reduced rCBF and cognitive deficits (Y. Wang et al. 2019). It is also important 

to note that as a result of the low perfusion and long arterial transit times (ATT) in WM, 

the signal-to-noise ratio of the ASL signal is typically very low in WM; the common 

ASL protocol with single post-labeling delay is not specifically optimized to reliably detect 

both GM and WM perfusion (Haller et al. 2016). In addition, the WM ASL signal can 

easily be overwhelmed by GM signal owing to blurring in either in-plane or through-plane 

directions (van Gelderen et al. 2008; Alsop et al. 2015). Moreover, the ATT itself is a critical 

physiological parameter that varies between individuals, regionally, and between healthy and 

pathological tissue (Alsop et al. 2015). How brain injury affects regional ATT, CBF, and 

associated brain function remains to be fully explored. To date, there is no well accepted 

ASL protocol for TBI. More advanced ASL techniques, such as the recently developed 3D 

pCASL sequence with multiple post-labeling delay, can be used to estimate regional ATT 

and correct CBF based on ATT (Cohen et al. 2019). Though more complex post-processing 

is required, such techniques can more accurately determine regional CBF and should be 

considered in future TBI applications (Alsop et al. 2015; Cohen et al. 2019). (See the recent 

reviews (Alsop et al. 2015; Haller et al. 2016) for more detailed discussion of the ASL 

perfusion MRI technique.)

Conclusion

This systematic review of 23 studies of ASL perfusion MRI found reasonably strong 

evidence that mTBI is associated with changes in ASL-derived CBF, which correlate to 

some degree with clinical recovery. The need for further investigation is apparent, however, 

in light of heterogeneity among study findings and complexity of mTBI. Methodological 

uniformity is recommended to enable more consistent interpretation of data across studies, 

particularly given the anticipated proliferation of research employing this imaging technique 

within the field. Comparing characteristics of the various ASL techniques and developing 

a consensus in the field regarding the most reliable and valid acquisition and processing 

techniques for mTBI are certainly recommended. Future work should continue to assess 

how CBF perfusion relates to symptomology and recovery after injury, especially at the 

individual level. Further systematic investigation will provide more information on ASL 

perfusion MRI techniques for the diagnosis of mTBI, monitoring the course of recovery 

(i.e., prognosis), and informing the management of patients with single and recurrent mTBI.
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Figure 1. 
PRISMA Flow Diagram
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