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Abstract

Background: While evaluation of blood perfusion in lumbar paraspinal muscles is of interest in 

low back pain, it has not been performed using noncontrast magnetic resonance (MR) techniques.

Purpose: To introduce a novel application of a time-resolved, noncontrast MR perfusion 

technique for paraspinal muscles and demonstrate effect of exercise on perfusion parameters.

Study Type: Longitudinal.

Subjects: Six healthy subjects (27–48 years old, two females) and two subjects with acute low 

back pain (46 and 65 years old females, one with diabetes/obesity).

Field Strength/Sequence: 3-T, MR perfusion sequence.

Assessment: Lumbar spines of healthy subjects were imaged axially at L3 level with a tag-

on and tag-off alternating inversion recovery arterial spin labeling technique that suppresses 

background signal and acquires signal increase ratio (SIR) from the in-flow blood at varying 

inversion times (TI) from 0.12 seconds to 3.5 seconds. SIR vs. TI data were fit to determine the 

perfusion metrics of peak height (PH), time to peak (TTP), mean transit time, apparent muscle 

blood volume (MBV), and apparent muscle blood flow (MBF) in iliocostal, longissimus, and 

multifidus. Imaging was repeated immediately after healthy subjects performed a 20-minute walk, 

to determine the effect of exercise.

Statistical Tests: Repeated measures analysis of variance.

Results: SIR vs. TI data showed well-defined leading and trailing edges, with sharply increasing 

SIR to TI of approximately 500 msec subsiding quickly to near zero around TI of 1500 msec. 

After exercise, the mean SIR at every TI increased markedly, resulting in significantly higher PH, 

MBV, and MBF (each P < 0.001 and F > 28.9), and a lower TTP (P < 0.05, F = 4.5), regardless of 
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the muscle. MBF increased 2- to 2.5-fold after exercise, similar to the expected increase in cardiac 

output, given the intensity of the exercise.

Data Conclusions: Feasibility of an MR perfusion technique for muscle perfusion imaging was 

demonstrated, successfully detecting significantly increased perfusion after exercise.

Level of Evidence: 1

Technical Efficacy Stage: 1

Low back pain is a serious health concern with often unclear etiology. Along with the 

pathology of intervertebral disks and vertebral bodies, paraspinal muscles are believed 

to play a significant role.1 Muscular alterations including atrophy and increased fat 

infiltration,2,3 increased muscle fatigue,4 and decreased blood perfusion5,6 have been found 

in low back pain subjects. Blood perfusion has been of particular interest in terms of 

integrative medicine, where the increased microcirculation in target muscles is regarded as a 

useful means to evaluate the peripheral effects of acupuncture.7,8

Blood flow in paraspinal muscles has been difficult to evaluate precisely. Currently available 

methods include laser-Doppler perfusion imaging9–11 and near infrared spectrophotometry12 

to measure oxygen uptake. These work well for anatomies with shallow depths such as 

the hand but have limited penetration depths (mm to cm) to evaluate paraspinal muscles 

effectively.9–11

Magnetic resonance (MR) perfusion techniques based on arterial spin labeling (ASL), 

exploiting the protons in the arterial blood as intrinsic markers, have been used widely 

in the brain13–15 and in other high-flow organs such as the heart,16–18 kidney,19–22 and 

lungs.23 Relatively few studies report the use of ASL for the leg muscle,24–26 and none 

in paraspinal muscles. Additionally, the past studies on muscle utilized continuous tagging 

such as pseudo-continuous ASL to determine the average perfusion. However, those were 

inherently not time-resolved and unable to determine the time-course of the perfusion 

signal change, crucial for detecting focal changes related to vascularity. Although techniques 

utilizing blood oxygen level-dependent MRI3,27 have been used in the lower back, these 

have only provided indirect measures.

Time-resolved perfusion data provide additional clinical information regarding 

hemodynamics of a tissue. Initially described for brain imaging, a time-resolved perfusion 

curve can be analyzed to determine additional metrics including mean transit time (MTT), 

time to peak (TTP), cerebral (or muscular in case of muscle) blood volume, and cerebral 

blood flow.28 These metrics can distinguish normal from ischemic tissues,29,30 making them 

useful for stroke evaluation in the brain and for detecting focal myocardial infarction in the 

heart for example. The gold standard for perfusion imaging often utilizes contrast injection 

followed by imaging.31,32 There are noncontrast time-resolved ASL techniques such as 

quantitative imaging of perfusion using a single subtraction33 and flow-sensitive alternating 

inversion recovery34; however, these have somewhat ill-defined leading and trailing edges of 

the signal bolus, and none have been applied to the paraspinal muscles.
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The goal of this feasibility study was to introduce a novel application of a time-resolved, 

noncontrast MR ASL perfusion technique for the evaluation of lumbar paraspinal muscles 

and to demonstrate the effect of exercise on perfusion parameters in a group of healthy 

volunteers.

Materials and Methods

This human subject study was approved by the institutional ethical committee (IRB 

registration number 200335). All procedures performed in this study involving human 

participants were compliant with the regulations of the Health Insurance Portability and 

Accountability Act (HIPAA).

Human Subjects

Six healthy, asymptomatic (i.e., no current or recent low back pain, self-reported), normal 

weight (body mass index [BMI] < 25) volunteers were recruited for this study (two females 

and four males, aged 36.0 ± 8.1 years old, range 27–48 years old). The healthy subjects 

had no known history of vascular diseases or conditions associated with vascular diseases 

such as diabetes. MR imaging was performed at rest (typically midday, without any exercise 

within the last 2 hours) and immediately after a 20 minutes of walking exercise (1.6–2.0 km, 

about 2000–3000 steps, resulting in a calorie burn of roughly 90–110 calories).

Additionally, two subjects with acute low back pain (new presentation within 3 weeks of 

MRI) were recruited. One was a 46-year-old female with type 2 diabetes (BMI of 36) and 

the other was a 65-year-old female with a normal BMI of 18.5–24.9 kg/m2. These subjects 

were imaged at rest without exercise. Subject characteristics are provided in Table 1.

Exercise

To enhance overall blood flow to the body and to the paraspinal muscles, healthy subjects 

performed a 20 minutes long, continuous moderate walking outside the MR facility.

MR Imaging

Lumbar spine MRI was performed on a Vantage Galan 3-T scanner (Canon Medical 

Systems Corp., Tochigi, Japan) in a supine position sandwiched between the standard spine 

array coil on the posterior side and an Altas SPEEDER 16-ch array on the anterior side 

of the subject. Each subject was imaged with anatomic and perfusion sequences as given 

in Table 2. Anatomic images were used to identify and manually draw regions of interest 

(ROIs) for paraspinal muscles (performed by an musculoskeletal (MSK) radiologist using a 

custom Matlab routine) and to create overlaid color maps of perfusion parameters.

PERFUSION IMAGING.—Here, we propose an ASL technique using three-dimensional 

balanced steady-state free precession readout that reduce issues with often-used echo-planar 

imaging acquisition that is sensitive to B0 inhomogeneity and motion artifacts. We utilized 

the tag-on and tag-off alternating inversion recovery using tag-on, selective IR (sel-IR) 

pulse and non-sel-IR pulse and tag-off (only non-sel-IR pulse) acquisitions and subtraction, 

as shown in Fig. 1a, with a goal to cancel the background signal and depict signal from 

Miyazaki et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microvascularity in the muscles. The tag, 30-cm-thick, adiabatic IR pulse with a duration of 

about 200 msec, was applied on the aorta immediately superior and parallel to the imaging 

plane (Fig. 1b) to provide a tagged signal that is acquired at varying inversion times (TI) to 

determine the time-course of perfusion. We acquired a total of seven TIs between 120 msec 

and 3500 msec (when most of the signal has subsided), using respiratory gating. We chose 

an axial imaging plane (a 62.4-mm slab, 24 slices of 2.6 mm thickness) with a voxel size of 

1.56 (phase encoding) × 1.37 (readout) × 2.6 (slice encoding) mm3 through the L3 vertebral 

body (Fig. 1c), to capture major lumbar paraspinal muscles including iliocostal, longissimus, 

and multifidus on the left and right sides (Fig. 2a).

MR Perfusion Analysis

For each TI, tag-on and tag-off images were subtracted (Fig. 1c) and then divided by tag-off 

images to determine the signal increase ratio (SIR) at each voxel (Eq. 1):

SIR = SITagOn − SITagOff
SITagOff

(1)

To reduce noise, we then created stack-averaged images (Fig. 2b–f) to show the time-course 

of tag-signal over varying TIs. We chose six ROIs encompassing paraspinal muscles (Fig. 

2a) to determine the time-course of SIR vs. TI time (Fig. 3a). Using a gamma variate 

function,35 the data were fit to a smooth perfusion curve (Fig. 3a, orange line), and the curve 

was further analyzed to determine five perfusion metrics of peak height (PH), TTP, MTT 

(width at half of the PH), apparent muscle blood volume (MBV; area under the curve), and 

apparent muscle blood flow (MBF; MBV divided by MTT), following the convention.36

To determine reproducibility, one of the subjects was reimaged 6 months later under similar 

setting as the preexercise condition. Average SIR curves and perfusion metrics (Fig. 3b) 

were determined at each time point by averaging values from the six ROIs.

In addition to ROI analysis, we performed the perfusion fitting for each voxel of the 

stack-averaged signal image (Fig. 2b–f) to create five colormaps (Fig. 4) showing the spatial 

distribution of the aforementioned perfusion metrics of PH, TTP, MTT, MBV, and MTT.

Statistics

Using repeated measures analysis of variance (ANOVA), effects of exercise (repeated factor) 

and ROI on the mean perfusion metrics were assessed, after a log transformation to address 

nonnormality of the data. A commercially available software was used (Systat 12, Systat 

Software, San Jose, CA, USA). Statistical significance was set at a P < 0.05. Power analysis 

was performed using G*Power software.37

Results

Time-Course of Perfusion Enhancement

Using our noncontrast MR perfusion technique, spatiotemporal distribution of a tagged 

perfusion signal was visualized (Fig. 2b–f). Perfusion signal increased sharply to a peak near 
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TI of 500 msec (Fig. 2c) and subsided quickly to near zero values or baseline around TI of 

1500 msec (Fig. 2e), demonstrating a well-defined leading and trailing edges of the signal 

bolus as well as revealing spatial variations such as hotspots suggesting focally high and 

persistent perfusion (Fig. 2d, arrow), which could potentially be caused by muscle injury 

or other vascular conditions. When averaged for each ROI, SIR vs. TI (Fig. 3) followed 

the same trend, increasing to a peak near TI of 500 msec then decreasing to less than 10% 

by 2000 msec. Perfusion fitting with gamma variate function was generally good (Fig. 3a, 

orange line), following the raw data points closely (Fig. 3a, blue circles) and facilitating 

determination of perfusion metrics. Reproducibility, though not statistically evaluated, was 

also good, showing a close agreement in SIR vs. TI curves as well as perfusion metrics (Fig. 

3b) when acquired 6 months apart.

Effect of Exercise

Figure 5 shows the average SIR of the left multifidus muscle for all six subjects, before 

(Fig. 5a) and after (Fig. 5b) exercise. After exercise, we see a marked increase in mean SIR 

at every TI, though there was a large person-to-person variability contributing to a large 

confidence interval. After curve fitting, the mean PH was higher after exercise (from 69 ± 

33% to 156 ±90%), and along with MBV and MBF.

Consistent with the SIR, the mean perfusion metrics for each ROI (Fig. 6a) also showed 

marked changes with exercise. PH (Fig. 6b) was significantly higher after exercise (P < 

0.001, F = 29.1) regardless of the muscle ROI (P = 0.99, F = 0.07). In addition, after 

exercise, time-to-peak (Fig. 6c) was significantly lower (P < 0.05, F = 4.5), apparent MBV 

(Fig. 6d) was significantly higher (P < 0.001, F = 28.9), and apparent MBF (Fig. 6e) was 

significantly higher (P < 0.001, F = 30.4), all regardless of the ROI (each P > 0.9, F < 0.1). 

MTT (Fig. 6f) was the only perfusion metric that was not significantly different before vs. 

after exercise (P = 0.6, F = 0.5). There was no significant interaction between exercise and 

ROI (all P > 0.9, F < 0.1).

Feasibility in Patients

To demonstrate clinical feasibility of the technique, we determined perfusion metrics in two 

low back pain subjects. In comparison with the values in healthy subjects before exercise, 

PH and MBF metrics were generally lower, while the time metrics were higher (Fig. 7a). 

However, these values were not compared statistically due to a small sample size.

Although not specifically used for the analysis, perfusion color maps (Figs. 4 and 7) also 

provided useful visual information to assess regional differences in perfusion metrics. Focal 

areas with hyper or hypo perfusion can be depicted using the maps, which may help to 

localize regions of inflammation or perfusion deficiency. In subjects with low back pain, 

highly heterogeneous colormaps of MBF (Fig. 7b and c) could be seen in comparison with 

that from a healthy subject (Fig. 4e).

Discussion

Despite an important role of paraspinal muscles in low back pain and an interest in 

measuring MBF, relatively little progress has been made in the area of noncontrast MR 
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imaging. This study, for the first time in our knowledge, describes the feasibility of an ASL 

technique to determine the time-course of blood perfusion in individual paraspinal muscles 

as well as quantitative perfusion metrics. We found that our technique acquired well-defined 

time-resolved perfusion curves with distinct leading and trailing edges, which also made 

quantification of perfusion metrics, eg, calculation of MTT from width of the curve at 

half maximum, relatively trivial. Note that our perfusion curves have clear tailing or signal 

return to the baseline which is not possible with contrast-enhanced methodologies due to the 

contrast circulating in the body and not washing out quickly.

The results of altered perfusion after the exercise demonstrated sensitivity of our technique 

to physiologic changes and future potential for clinical and research applications. While 

the perfusion metrics varied from person-to-person, after exercise, there was a consistent 

increase in SIR at most TI times (Fig. 5) and corresponding increase in PH, MBV, and 

MBF values (Fig. 6), as well as a slight decrease in TTP. The mean increase in MBF 

was roughly 2-fold. These results are consistent with studies on exercise physiology. Based 

on the compendium of physical activities,38 a brisk 20-minute walk (at 2.5 mph) has a 

metabolic equivalent (MET) value of 3.0, compared to the resting state which has an MET 

of 1.3. Cardiac output is increased proportionally39 and one would expect a 2.3-fold increase 

in blood flow to the entire body. Our results of MBF (Fig. 6e) suggested 2.0-to-2.5-fold 

increases in different ROIs after the exercise, in close agreement with the expected increase 

in blood flow based on the exercise physiology. We did not find differences in MBF between 

ROIs, which also appear consistent with relatively similar capillary density between the 

paraspinal muscles in young and presumably normal subjects.40

Our early-stage study has several limitations. While our results appear valid in light of 

the known effect of walking on cardiac output,39 additional validation against reference 

technologies could inspire stronger confidence in the MR technique. Optical methods such 

as laser-Doppler perfusion imaging9–11 and near infrared spectrophotometry6,12 could be 

used to validate MR perfusion findings in other compatible anatomies such as the hand. 

Contrast-enhanced imaging41–43 could also be used to validate the present results but 

requires contrast injections, which maybe undesirable in healthy volunteers. One limitation 

of our technique is that it determines perfusion in descriptive terms, which are indirect 

descriptors of perfusion. However, this is routinely performed in contrast-enhanced imaging 

studies and have been shown to be reproducible.44 Another limitation of our technique is 

that multiple imaging series, each up to 2 minutes long, is currently required to obtain the 

full time-resolved data. This could be shortened considerably in the future by reducing the 

number of slices, optimizing or reducing number of TI, and creating a dedicated sequence 

that eliminates separate acquisition at each TI. Lastly, although the number of subjects used 

in this study was low, given a large exercise effect, the perfusion metrics before and after 

exercise could be discerned with high statistical power.

Future work may include studies of greater number of low back pain subjects to determine 

the role paraspinal muscle play in pain and to determine whether muscle perfusion 

changes can indicate a response to therapy6 or improvement in clinical condition. While 

inconclusive, the data on two symptomatic subjects (including a diabetic subject with 

likely impaired blood flow) were promising, suggesting the feasibility of the technique and 
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justifying additional studies to studies blood flow in paraspinal muscles in low back pain 

subjects. Our three-dimensional technique is particularly useful for precise localization of 

areas of deficiency and response. Additionally, the technique described here can potentially 

be applied to other skeletal muscles with peripheral artery disease45,46 or joints with 

inflammatory disease.47,48

In conclusion, our study demonstrated the feasibility of a novel application of an ASL 

technique with desired features for muscle perfusion imaging, including spatiotemporal 

resolution and well-defined leading and trailing edges of the temporal signal. Effect of 

exercise was also demonstrated, with a significant increase in blood flow commensurate 

with the exercise intensity. While additional studies are needed, the techniques presented 

here could be useful in combination with routine MR evaluations of the low back and other 

skeletal muscles.
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FIGURE 1: 
(a) Tag-on and tag-off alternating inversion recovery (TAIR) technique. Tag-on is a spatial-

selective IR (sel-IR) pulse and tag-off means only the non-sel-IR pulse is applied. The 

inversion time (TI) period is between the sel-IR pulse and image acquisition. (b) Schematic 

of arterial flow and locations of the tag and imaging slab. (c) Subtraction of tag-off from 

tag-on provides tagged blood that moved from outside of the tag region. Background signal 

is subtracted out at all TI times. Shown here are stack-averaged image from a subject before 

exercise acquired at TI of 1000 msec.
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FIGURE 2: 
Preexercise perfusion images from a healthy 40-year-old female volunteer. (a) Axial spin 

echo showing paraspinal muscles of iliocostal (IC), longissimus (L), and multifidus (M) on 

the left and right sides. (b–f) Perfusion images showing inversion time-dependent signal 

increase ratio (SIR). Note spatial variations in the SIR, including focal hyper-enhancement 

(d, arrow).
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FIGURE 3: 
(a) Curve fitting of signal increase ratio vs. inversion time data using a gamma variate 

function (orange line) followed by descriptive analyses to determine five perfusion metrics 

of peak height (PH), time to peak (TTP), mean transit time (MTT), apparent muscle blood 

volume (MBV), and apparent muscle blood flow (MBF). (b) One subject was imaged at two 

different times, 6 months apart. The mean perfusion curve (blue and black lines) as well as 

perfusion metrics of six regions of interest were similar, demonstrating the reproducibility of 

the technique.
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FIGURE 4: 
Color maps of five perfusion metrics of (a) peak height (PH), (b) time to peak (TTP), 

(c) mean transit time (MTT), (d) apparent muscle blood volume (MBV), and (e) apparent 

muscle blood flow (MBF), from a healthy 40-year-old female subject. Note spatial variations 

in the values, such as generally higher PH values (a) on the left side, along with focally high 

value on the right side (arrow).
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FIGURE 5: 
Mean perfusion curves of signal increase ratio vs. inversion time (TI), before (a) and after 

(b) a 20-minute walk exercise in six healthy subjects, along with the mean perfusion metrics, 

in the left multifidus muscle. A marked increase in the magnitude was observed after the 

exercise, which also resulted in similar increases in many of the perfusion metrics.
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FIGURE 6: 
Mean and standard deviation of the perfusion metrics in six healthy subjects, in each region 

of interest (ROI) of iliocostal (IC), longissimus (L), and multifidus (M) muscles on the left 

and right sides (a). After exercise, there was a significant increase in (b) peak height, (d) 

apparent muscle blood volume, and (e) apparent muscle blood flow (each P < 0.001), while 

(c) time to peak showed a decrease (P < 0.05). There was no significant difference in (f) 
mean transit time. There was no significant difference between the ROIs.
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FIGURE 7: 
(a) Perfusion metrics (mean of subjects and regions of interest [ROIs]) in six healthy and 

two low back pain subjects, before exercise. Both 64-year-old normal weight female (b) 

and 46-year-old diabetic/obese female (c) subjects exhibited heterogeneity in the colormaps 

of muscle blood flow. Peak height (PH), time to peak (TTP), mean transit time (MTT), 

apparent muscle blood volume (MBV), and apparent muscle blood flow (MBF).
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