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Abstract

Respiratory-gated four-dimensional phase-contrast vastly undersampled isotropic projec-

tion reconstruction (4D PC-VIPR) is magnetic resonance (MR) imaging technique that

enables analysis of vascular morphology and hemodynamics in a single examination using

cardiac phase resolved 3D phase-contrast magnetic resonance imaging. The present study

aimed to assess the usefulness of 4D PC-VIPR for the superior mesenteric artery (SMA)

flowmetry before and after flow increase was induced by the herbal medicine Daikenchuto

(TJ-100) by comparing it with Doppler ultrasound (DUS) as a current standard. Twenty

healthy volunteers were enrolled in this prospective single-arm study. The peak cross-sec-

tionally averaged velocity was measured by 4D PC-VIPR, peak velocity was measured by

DUS, and flow volume (FV) of SMA and aorta were measured by 4D PC-VIPR and DUS 25

min before and after the peroral administration of TJ-100. The peak cross-sectionally aver-

aged velocity, peak velocity, and FV of SMA measured by 4D PC-VIPR and DUS signifi-

cantly increased after administration of TJ-100 (4D PC-VIPR: the peak cross-sectionally

averaged velocity; p = 0.004, FV; p = 0.035, DUS: the peak velocity; p = 0.003, FV; p =

0.010). Furthermore, 4D PC-VIPR can analyze multiple blood vessels simultaneously. The

ratio of the SMA FV to the aorta, before and after oral administration on the 4D PC-VIPR

test also increased (p = 0.015). The rate of change assessed by 4D PC-VIPR and DUS

were significantly correlated (the peak cross-sectionally averaged velocity and peak
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velocity: r = 0.650; p = 0.005, FV: r = 0.659; p = 0.004). Retrospective 4D PC-VIPR was a

useful modality for morphological and hemodynamic analysis of SMA.

Introduction

Gastrointestinal blood flow changes dynamically in response to various factors, such as diet,

exercise, body temperature, medicine, and inflammation. Currently, computed tomography

angiography has been used to assess the intestinal arterial morphology [1], and Doppler ultra-

sound (DUS) flowmeters have been used to quantify intestinal blood flow [2,3]. Contrast-

enhanced computed tomography is useful for consistent evaluation of the vascular network,

but it cannot provide blood flow information, such as flow direction or velocity. DUS is a con-

venient non-invasive technique that is often preferred for measuring flow direction, volume,

and velocity [4]. However, DUS is not always reproducible because it depends on the opera-

tor’s skill. Furthermore, DUS is often hindered by problematic overlaps of the gastrointestinal

gas interference. Thus, an alternative robust technique that can image and quantify the blood

flow in one examination would be useful.

Respiratory-gated four-dimensional (4D) phase-contrast vastly undersampled isotropic

projection reconstruction magnetic resonance imaging (MRI) (4D PC-VIPR) is a MR tech-

nique that can provide retrospective information on vascular morphology and hemodynamics

in a single examination [5,6]. Without using any contrast agent, objective and quantitative

analysis of the flow direction and velocity of any blood vessel within the field of view (FOV)

can be performed by 4D PC-VIPR. 4D PC-VIPR uses a non-Cartesian κ-space trajectory simi-

lar to a radial scan where all data lines traverse the center of κ-space, which is different from

other MR angiography (MRA) using Cartesian sampling. The image contrast provided by 4D

PC-VIPR is higher, because the echoes include highest signals at the center of κ-space. For

measurement of plane determinations on 4D PC-VIPR, MR angiography using magnitude

images and streamline cine images within the lumen were postprocessed. Unlike DUS, 4D

PC-VIPR enables retrospective flowmetry of vessels with different measurement planes while

avoiding non-laminar flow. Previous studies using 4D PC-VIPR initially applied it to imaging

of intracranial vessels [7–9], cardiac, and thoracic vessels [10,11]. Recently, this MRI technique

was used to assess the renal artery before and after percutaneous transluminal angioplasty for

patients with renal hypertension [12] and to assess renal transplantation [13]. However, there

are few reports on blood flowmetry for the superior mesenteric artery (SMA).

TJ-100 (Daikenchuto) is a well-established traditional Japanese herbal medicine (Kampo)

effective for improving gastrointestinal motility and preventing postoperative adhesional and

paralytic ileus after abdominal surgery [14–18]. Previous studies have shown that TJ-100

induces adrenomedullin (ADM) release from intestinal epithelium and induces calcitonin

gene-related peptide (CGRP) from the nerve endings of the vascular smooth muscle to

increase intestinal blood flow, agonized by transient receptor potential A1 (TRPA1) and tran-

sient receptor potential V1 (TRPV1). [19,20]. Moreover, TJ-100 enhanced the intestinal motil-

ity. TJ-100 exerts an acetylcholine-releasing action on the smooth muscle tissue of the ileum

via 5-HT3 and 5-HT4 receptors; promotes the secretion of motilin, a gastrointestinal hormone

that improves intestinal motility; and leads to the release of substance P by TRPV1 stimulation

[21–24]. In addition, TJ-100 has anti-inflammatory effect via ADM and cyclooxygenase-2

(COX-2) [25,26]. These effects have been shown to be clinically effective for improving small

bowel motility [27,28] and to increase colonic blood flow in animal models [29]. After that, TJ-

100 has been reported to increase SMA blood flow evaluated by DUS in humans [4].
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The aim of this study is to compare the usefulness of 4D PC-VIPR SMA flowmetry before

and after the flow increase induced by the herbal medicine Daikenchuto (TJ-100) with the cur-

rent standard of conventional DUS.

Materials and methods

Subjects

The protocol of this single-arm prospective study was approved by the Ethics Committee of

Hamamatsu University School of Medicine (Institutional Review Board approval number of

Hamamatsu University School of Medicine: # E17-027). Participants were recruited by flyers

posted around our university. Subjects for whom MRI was contraindicated who had previous

abdominal surgery, who were taking oral medicine or supplements, or who were pregnant or

lactating were excluded.

Twenty healthy subjects aged�20 years with systolic blood pressure <140 mmHg were

recruited and enrolled in this study between May and December 2017. Written informed con-

sent to participate was obtained from all subjects prior to their participation.

Methods

Timeline of this study is shown in Fig 1. All participants were fasted for at least 2 hours before

study entry. The first examination was performed after 15 min of rest to avoid any effects of

exercise. Twenty-five minutes after the baseline flowmetry, 5.0 g of TJ-100 (Tsumura, Co.,

Tokyo, Japan) with 50 ml of mineral water was orally administered. Then, rest again for 25

min, and the second examination was performed (Fig 1). Each participant underwent the first

examinations within 4 weeks after enrollment. All participants underwent both DUS and 4D

PC-VIPR within 4 weeks, with a minimum interval of 1 week.

DUS

The DUS device used in this study was a Xario SSA-660A (Canon Medical Systems Corp.,

Tochigi, Japan). The scans were performed by an experienced operator with an experience of

23 years. The measurement was performed in the consultation room and the room tempera-

ture was adjusted to 24˚C–25˚C. The cross-sectional area of the SMA was calculated by mea-

suring the inner diameter of the vessel. Pulsed Doppler signals were acquired within 2–3 cm of

the origin of the artery [30,31]. For accurate measurement, a Doppler angle of�60˚ was used

[4,32]. Each Doppler waveform was drawn automatically and calculated by using the software

in the US system (FlowVol in L/min) = Vm_peak (cm/s) × 60 (s/min) × Area (mm2) / 100 /

1000). The flow volume (FV) was calculated as the vessel cross-sectional area multiplied by the

mean blood flow velocity [31]. The FV was recorded in four cardiac cycles (Fig 2). The exami-

nation time of the Doppler measurement was approximately 2–3 min.

Fig 1. Outline of the study. The subjects were examined after�2-hour fasting. After 15 min of rest, the first

examination was performed. After 25 min, 5.0 g of TJ-100 and 50 ml of mineral water were administered orally

followed by 25 min of rest by the subject, and then the secondary examination was performed. All participants

underwent both DUS and PC-VIPR within 4 weeks, with a minimum interval of 1 week.

https://doi.org/10.1371/journal.pone.0245878.g001
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Noncontrast MRA and SMA flowmetry using 4D PC-VIPR

All MR studies were conducted using a 3.0T MR scanner (Discovery 750, GE Healthcare, Mil-

waukee, WI) together with a 32-channel torso phased-array torso coil (GE Healthcare). 4D

PC-VIPR was performed in the MRI room of our hospital. The room temperature was

adjusted to 21˚C–22˚C. For estimating the approximate flow velocity of the SMA, 2D cine PC

was performed prior to 4D PC-VIPR. The velocity encoding values (VENC) for 4D PC-VIPR

were determined based on the values. To avoid aliasing, optimized VENC was determined

individually as the value that was 30% greater than the maximum velocities measured with 2D

cine PC. The measuring planes for 2D cine PC were placed perpendicular to the SMA at the

proximal portion, and then 4D PC-VIPR was performed. ECG-gated 4D PC-VIPR that was

conducted covering the SMA segment ranging from the diaphragm and bilateral main renal

arteries. A fast spoiled gradient echo-based 4D PC-VIPR was operated using parameters as fol-

lows: TR (repetition time) / TE (echo time) / FA (flip angle) of 7.0–7.1 ms / 3.3–3.4 ms /8

degree, FOV of 32 cm, slice thickness of 1.25 mm, locs/slab of 8, matrix of 256 × 256, receiver

bandwidth of 62.5 kHz, partition thickness of 1.25 mm, NEX (number of excitations) of 1,

number of phases/location of 20, imaging time of 9:29–9:36 min, respiratory window of 50%,

number of projections of 10,000, and the velocity encoding (VENC) depending on the +30%

of the maximum velocities measured in the preceding 2D cine PC studies. The trajectory of

the data filling was non-Cartesian radial sampling. The examination takes approximately 2–3

min to set up; the 2D cine PC and measurements take approximately 2–3 min, and the total

examination lasts for approximately 15 min.

Image reconstruction, DICOM data conversion, and postprocess

Acquired data were reconstructed on an offline workstation. The reconstructed binary data

was converted to DICOM format, and the phase and magnitude data for each x, y, z axes were

then transferred to a personal computer installed with dedicated flow analysis software (flova

Fig 2. Measurement of SMA blood flow by DUS. Blood flow velocity was measured 3 cm from the origin of the SMA

by pulsed DUS. The waves highlighted in light blue show four cardiac cycles (bottom).

https://doi.org/10.1371/journal.pone.0245878.g002
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II; R’s Tech, Hamamatsu, Japan). First, the time-averaged magnitude data was postprocessed

to create MRA using a maximum intensity projection algorithm. The 3D flow information was

interpolated with the MRA spatial data with resolution of 1.2 × 1.2 × 1.2 mm.

Analysis of flow dynamics with 3D Cine PC

Datasets were analyzed with the flow analysis software flova. The 3D vector field, streamlines,

and pathlines were delineated using the Runge–Kutta method. The flow velocity was measured

on the perpendicular sections determined on the SMA and the aorta (Fig 3A). The data

obtained from the area was converted into a graph, the cardiac cycle was visualized, and the

area under the curve was obtained as a FV (Fig 3B).

Analysis of the streamline

Since SMA velocimetry was dependent on the localization of the measurement planes [33],

streamline images were created by 4D PC-VIPR, and the optimal plane was selected to avoid

disturbing the flow (Fig 3C).

Reagents

TJ-100 (Tsumura Co., Tokyo, Japan; Standard Commodity Classification No. of Japan:

875200, Approval No.: (61AM)3299) was obtained in the form of a dried powder, which was

manufactured as an aqueous extract containing processed ginger (Zingiber officinale), ginseng

(Panax ginseng), and zanthoxylum fruit (Zanthoxylum piperitum) at a ratio of 5:3:2. These

plants are all registered in the Pharmacopoeia of Japan. The three herbal medicines were

extracted with purified water at 95˚C for 1 h and then spray-drying was used to produce a

Fig 3. Measurement of SMA blood flow by 4D PC-VIPR. (A) Abdominal blood vessels depicted by 4D PC-VIPR.

Three-dimensional velocity data derived from 4D PC-VIPR was incorporated with the MRA morphology in a 3D

vector field fashion. Flow velocity and FV can be measured at any location analyzed by using dedicated software. (B)

Graph of the values obtained from the data. The shaded area indicates FV. (C) Flow velocity can be measured in all

locations of the SMA by adding the blood flow velocity and direction as vector data using dedicated software.

Disturbed non-laminar (i.e., vortex and/or helical) flow (arrow) can be shown by streamline analysis. The

measurement was performed while avoiding the area of non-laminar flow.

https://doi.org/10.1371/journal.pone.0245878.g003
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powder. TJ-100 was made by mixing Daikenchuto extract powder and maltose syrup powder

(Koi) at a ratio of 1:8 [34]. It is a Kampo extract formulation that is made into granules using

Tsumura’s original dry granulation method that does not use any organic solvent or water.

This study was performed using 5.0 g of TUMURA Daikenchuto Extract Granules for Ethical

Use (lot number: L46022). Research has shown that 5.0 g of TJ-100 administration successfully

increased the SMA blood flow in 20 min and 40 min, as assessed using DUS [4]; further, a

dose of 5.0 g has been approved as a single dose for daily medical care (http://mpdb.nibiohn.

go.jp/stork/). The confirmation test method for the active ingredient in the drug product was

thin-layer chromatography as described by Tsumura. The dosage form is granules; the color is

light grayish white, the smell is characteristic smell, and the taste is sweet and pungent.

Statistical analysis

The peak velocity measured with DUS, peak cross-sectionally averaged velocity measured with

4D PC-VIPR, FV measured by 4D PC-VIPR and DUS, and the ratio of the SMA FV to the

aorta FV measured using 4D PC-VIPR before and after TJ-100 administration were compared

by using the Wilcoxon signed-rank test. The non-parametric Spearman’s rank correlation

coefficient was used in analysis of the correlation between the rate of change of the peak veloc-

ity and peak cross-sectionally averaged velocity, and both FV. With respect to sample size

determination, the sample size of the Wilcoxon signed-rank test (matched pairs) was calcu-

lated as follows: d = 0.8, α = 0.05 and 1 − β = 0.8. As per these parameters, the sample size was

n = 15. A review of previous similar studies [4,14,15,18,27,35,36] showed that 10–19 cases were

sufficient to determine the significance of the blood flow in the SMA following the administra-

tion of the TJ-100. Therefore, the target number of cases was determined as 20. The sample

size was calculated using G�power 3.1.9.7 [37,38]. Statistical analyses were performed using

SPSS software (version 25.0, SPSS Japan Inc., Tokyo, Japan). The Bland–Altman plot was used

for analyzing the agreement between the two different techniques. It was used to show that

there was only a random difference and no systematic differences. p–values < 0.05 were con-

sidered to be indicative of statistical significance.

Results

The mean age of the subjects was 27.9 years (range: 20–56 years), with 12 males and 8 females.

The characteristics of the subjects are shown in Table 1.

The details of environmental and patients conditions are shown in S1 Table. The interval

between the two examinations was 1 to 4 weeks. No significant difference between DUS and

4D PC-VIPR was found for fasting duration (p = 0.808) and body temperature (p = 0.460). In

DUS, SMA flowmetry was feasible in all 20 subjects. 4D PC-VIPR was successfully performed

in all 20 subjects; however, flowmetry was not feasible in three cases, owing to the overflow of

Table 1. Characteristics of the 20 healthy subjects in this study.

Characteristics of the subjects (n = 20)

Age (years) 27.9 ± 9.0

Height (cm) 166.7 ± 7.1

Weight (kg) 59.1 ± 7.8

Body mass index (kg/m2) 21.2 ± 2.1

Sex (Male:Female ratio) 12:8

Data was presented as mean ± standard deviation (SD).

https://doi.org/10.1371/journal.pone.0245878.t001
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stored data of the MRI in two cases and the uncommon vessel anatomy (the right hepatic

artery branching from the SMA) in one case.

The peak velocity of SMA measured with DUS (Fig 4A) and peak cross-sectionally averaged

velocity of SMA measured with 4D PC-VIPR (Fig 4B) were significantly increased after TJ-100

administration. The rates of change before and after administration were 16.5 ± 4.8% increase

on DUS (p = 0.006) and 24 ± 4.2% increase on 4D PC-VIPR (p = 0.004; median ± standard

error (SE)).

The mean FV was also significantly increased after TJ-100 administration on DUS (Fig 5A)

and on 4D PC-VIPR (Fig 5B). The median rates of change were 31.5 ± 11.8% increase on DUS

(p = 0.015) and 21 ± 9.4% increase on 4D PC-VIPR (p = 0.039; median ± SE).

Because 4D PC-VIPR can analyze by excising an arbitrary cross section, analyzing multiple

blood vessels simultaneously is possible. Therefore, we also evaluated the ratio of the SMA FV

to the aorta using 4D PC-VIPR to confirm that the results were not towing to an increase in

the cardiac output. We found that the SMA/aorta FV ratio was also significantly increased by

TJ-100 administration (Fig 5C).

The correlation between the change rate of the peak velocity and peak cross-sectionally

averaged velocity and blood flow of SMA was statistically significant in both 4D PC-VIPR and

Fig 4. Peak velocity and peak cross-sectionally averaged velocity of SMA. (A) Comparison by actual measurement

before and after oral administration in DUS (p = 0.003, Wilcoxon signed-rank test). (B) Comparison of measured

values before and after oral administration in 4D PC-VIPR (p = 0.004, Wilcoxon signed-rank test).

https://doi.org/10.1371/journal.pone.0245878.g004

Fig 5. Blood flow volume of SMA. (A) Comparison by actual measurement before and after oral administration in

DUS (p = 0.010, Wilcoxon signed-rank test). (B) Comparison by actual measurement before and after oral

administration in 4D PC-VIPR test (p = 0.035, Wilcoxon signed-rank test). (C) The ratio of the SMA FV to the aorta,

before and after oral administration on 4D PC-VIPR test (p = 0.015, Wilcoxon signed-rank test).

https://doi.org/10.1371/journal.pone.0245878.g005
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DUS measurement, with the regression coefficients of the peak velocity and peak cross-sec-

tionally averaged velocity: r = 0.650 (p = 0.005), FV: r = 0.659 (p = 0.004), respectively. Mea-

sured bias between the two modalities was within the acceptable range (Fig 6).

Discussion

In this study, we demonstrated that 4D PC-VIPR could assess SMA blood flow without the use

of contrast agents, and the accuracy was comparable to that of conventional DUS. Further-

more, 4D PC-VIPR was able to analyze the aortic FV at the same time, which is difficult with

DUS, and we proved that the increase in FV in SMA was not due to the rise in cardiac output.

The data from DUS and 4D PC-VIPR were significantly correlated, suggesting that 4D

PC-VIPR could be useful for low-invasive assessment of SMA blood flow.

TJ-100 is indicated for the purpose of achieving relief from abdominal cold feeling and pain

accompanied by abdominal flatulence. The usual dose is 15.0 g/d orally, divided into two or

three doses before or between meals. In TJ-100, 43 components have been identified using liq-

uid chromatography-tandem mass spectrometry analysis [39]. The major ingredients of TJ-

100 are shogaols, hydroxy-sanshool, ginsenosides extracted from dried ginger, zanthoxylum

fruit, and ginseng (Fig 7). Shogaols, hydroxy-sanshool, and gingerol are the agonists for

TRPA1 and TRPV1, and the stimulation of these receptor is shown to increase the intestinal

blood flow via the CGRP and ADM. CGRP is released by activating transient receptor poten-

tial cation channel subfamily V member 1 in the sensory nerve endings, and ADM is released

by intestinal epithelial cells via the activation of transient receptor potential ankyrin 1

[20,28,29]. Following the administration of TJ-100, shogaol and hydroxy-sanshool reach the

maximum concentration within 30 min and then gradually decreased [40]. Previous reports

have shown that administering 5.0 g of TJ-100 increased SMA blood flow between 20 and 40

min by DUS [4]. In this study, 4D PC-VIPR or DUS was performed after 25 min after the

Fig 6. Correlation between the rates of change on DUS and 4D PC-VIPR. (A) Correlation between the rates of

change on DUS and on 4D PC-VIPR at the peak velocity and peak cross-sectionally averaged velocity of the SMA

(r = 0.650; p = 0.005, Spearman’s rank correlation coefficient). (B) Correlation between the rates of change on DUS

and on 4D PC-VIPR in the blood FV of the SMA (r = 0.659; p = 0.004, Spearman’s rank correlation coefficient).

Bland–Altman plots of the change rates before and after oral administration (post/pre) measured by 4D PC-VIPR and

DUS for (C) the peak velocity and peak cross-sectionally averaged velocity and (D) blood FV. The y-axis shows the

difference between the two measurements, and their mean is shown on the x-axis. The continuous line represents the

bias; i.e., the mean of the differences, whereas the dotted lines indicate the limits of agreement (bias ± 2 SD).

https://doi.org/10.1371/journal.pone.0245878.g006
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administration of TJ-100 because the plasma concentration is higher than the effective level

during this period and the increased SMA blood flow has been shown in previous reports

[4,40]. The PC-VIPR examination requires about 15 min, which is comparable to the time for

other techniques. Warming the abdomen is another well-used method to increase abdominal

vessel flow, but it requires some materials placed in contact with the abdomen that could cause

interference on MRI. Therefore, TJ-100, well-studied herbal medicine, that has a scientifically

proven mechanism of action, was used in this study to increase the SMA blood flow.

As a characteristic feature of 4D PC-VIPR, it enables retrospective assessments of blood

flow observed from arbitrary orientations even after a patient leaves the MR suite. Thus, US

cannot repeat the measurements after the patient leaves the clinic. Furthermore, as recently

reported by Sugiyama et al. [33], streamline analysis can be used to evaluate disturbed flow

areas; thus, non-laminar flow can be avoided for the measurement plane placement. 4D

PC-VIPR could also show 3D vascular morphology clearly without any contrast agents, which

means that it is also useful even in patients with renal dysfunction or allergies to contrast

agents.

In contrast, there are some disadvantages of 4D PC-VIPR. The major disadvantages are the

extensive time required to shoot, lengthy evaluation time, and higher cost than DUS. More-

over, it has not yet been applied to mesenteric vessels in a clinical setting. Although 4D

PC-VIPR was initially developed 15 y ago, thereafter, the technique has been exclusively stud-

ied at the University of Wisconsin–Madison. The technique was not commercially available at

the time of writing this report. We believe that our report would enable a wider awareness

regarding the usefulness of this technique.

In our data, the absolute value of the maximum flow velocity and FV had a discrepancy

between DUS and 4D PC-VIPR. Both the methods record the highest velocities on a temporal

basis; however, in the spatial basis, the data were different. The DUS detects the peak velocity

at a single central point in the SMA. In contrast, the 4D PC-VIPR data showed the temporally

highest velocity; however, it was averaged by a cross-sectional area. In the previous reports, the

peak velocities [41,42] and FV [4] of SMA measured using Doppler ultrasonography was

approximately 130 cm/s and 0.55 L/min, respectively. The peak cross-sectionally averaged

velocity [33,43,44] and FV [45] of the SMA measured with 2D PC-MRI were about 80 cm/s

and 0.30 L/min, respectively. These values were similar to those obtained in our study, suggest-

ing that our data do not deviate from those of previous reports.

There were several limitations in this study that should be considered. The study was per-

formed in a non-randomized fashion with a small sample size at a single institution. Further

Fig 7. Structural formula of major components in TJ-100. (A) shogaol. (B) hydroxy-sanshool. (C) ginsenoside.

https://doi.org/10.1371/journal.pone.0245878.g007
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large-scale trials would be required to validate the usefulness of 4D PC-VIPR. In addition, the

cost of 4D PC-VIPR is higher than that of any other technique and the time necessary for anal-

ysis may not be compatible with imaging of emergent patients. In two out of the 20 patients,

the data was not generated by the MR scanner because of data storage overflow. The size of the

row data for 4D PC-VIPR was > 3.0 GB, which was sometimes too large for the temporary

data storage capacity of the clinical scanner. Regarding the sample size, the detected difference

was similar to that of a previous study [4,46]; however, the numerical variation was larger than

expected, and it is possible that a slightly larger sample size was required. However, it is impor-

tant to note that there was a statistical difference even though the total number of required

cases was small.

In conclusion, 4D PC-VIPR was found to be a useful technique for assessment of morpho-

logical and hemodynamic analysis of the SMA without using any contrast agent or ionizing

radiation. Further studies using this new technique for assessment of the vascular flow direc-

tion of the abdominal arteries are needed.

Supporting information

S1 Table. Study subjects’ detailed information. Sex, age, measurement interval, last meal

time, administration time, fasting duration, blood pressure, and body temperature of each sub-

ject for each examination.
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