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Abstract

Background: Colorectal cancer incidence and mortality have been increasing in China and as one of the most
important health problems facing the nation. Adequate dissemination of correct information about colorectal
cancer could help in reducing cancer-related morbidity and mortality. This study aims to assess the completeness
and reliability of colorectal cancer-related information available on the video website of Youku in mainland China.

Methods: Youku (https://www.youku.com/) was searched on September 15, 2016 for the search terms colorectal
cancer. Only Chinese videos were included. Two reviewers independently evaluate the videos for characteristics,
information source and usefulness. Content was analysed under six categories (aetiology, anatomy, symptoms,
preventions, treatments and prognosis). Completeness was evaluated with a checklist developed by the researchers.
Any discrepancies were resolved by consensuses. SPSS software was used to analyze data.

Results: There were 242 videos with relevant information about colorectal cancer. The type of source were as
follows: independent users, 118 (49%); health information web sites, 60 (25%); medical doctors, 31 (13%); news
network, 22 (9%); and hospital/university, 11 (4%). In all, 57% of videos had useful information about colorectal cancer,
21% were misleading. Videos posted by medical doctors (P = 0.021) and health information web sites (p = 0.039) were
less incomplete than videos by independent users. Of the Traditional Chinese medicine (TCM) videos, 97 (76%) had
information about treatments of colorectal cancer. 30% TCM videos contain misleading information, whose misleading
rate was higher than total’s (21%).

Conclusions: The colorectal cancer videos in mainland China represented by Youku varied base on ownership
and content and information incompleteness were fairly high. It is necessary that professionals adapt to the
advanced technology and think useful methods to solve the variable quality of information of internet video
websites in mainland China.

Keywords: Colorectal cancer, Internet, Youku, Mainland China

Background
Cancer incidence and mortality have been increasing in
China and have created a signifıcant number of health
concerns [1]. Colorectal cancer ranks the fifth most
commonly diagnosed cancer among male and female in
China [2]. The ratio of estimated new colorectal cancer
mortality incidence is 50.8% in China for 2015 [2] com-
pared with 36.3% in the United States for 2016 [3]. This
considerably higher ratio means cancer prevention and
control in China lags behind some Western countries.

Up to 31 December 2016, it was reported that 731
million Chinese internet users, and more than 695 mil-
lion people were using mobile devices to quick browse
online information. Over 570 million online video users
accounted for three-quarters of total internet users [4].
Health and medical treatment has been the most popu-
lar science topics in mainland China [5]. Freely available
video websites, such as YouTube, are popular sources of
information dissemination with more than 100 million
viewers every day [6]; however, YouTube is blocked in
China because of Chinese internet censorship.
Chinese people prefer online video websites, such as

Yoku, iQiyi, Sohu Tv or Tencent Video. Youku is the
most popular source of video blogs and short original
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videos uploaded by individuals in mainland China [7].
Youku initially emphasized user-generated content. The
average number of daily video views was 1.18 billion [8].
The number of monthly active users was over 500 mil-
lion, and 60% of audiences were male [7]. Youku fea-
tures the same kinds of videos on YouTube and is
considered the largest Chinese video broadcast site.
Similar to YouTube, the posted videos are not peer con-
trol, could be uploaded from different sources and are
likely to be of variable quality [9].
Many studies reported that video broadcast sites have

positive and negative effects on health information dis-
semination. Some videos can provide useful resources
for knowledge and were used by medical students as a
learning resource [10, 11]. Videos may promote mislead-
ing information, such as disparaging vaccinations [9]
and describing ineffective or potentially dangerous nat-
ural therapies for gallstone disease [12]. Not only were
audience attempting therapies that may be harmful, but
they were not going in for accurate therapy, which can
lead to other complications.
The use of video broadcasting sites as a source of in-

formation in disease areas, especially in colorectal cancer
in mainland China, has not been evaluated. Thus, the
present study aimed at evaluating the completeness and
reliability of Chinese-language colorectal cancer-related
information available on the video website of Youku in
mainland China; assess the overall quality of online in-
formation on colorectal cancer; and share our thoughts
on important future directions for managing information
about colorectal cancer on websites of mainland China.

Method
We searched Youku (www.youku.com) on November 15,
2016 to locate video clips containing relevant informa-
tion about colorectal cancer in human patients. The key-
word “colorectal cancer” was used to identify related
video clips. Videos that were duplicated, not in Chinese
and not directly related to the investigated condition
were excluded.
We included all unique videos with Chinese language

content that contained any message about human colo-
rectal cancer. All videos were downloaded and saved.
We assessed each video according to the following char-
acteristics: duration, ownership, number of views, video
quality, and colorectal cancer content. Ownership was
classified by medical doctor, hospital/university, news
network, health information website or independent
user.
All videos were viewed and analysed for content by 2

reviewers, and disagreements were resolved by an arbi-
trator. All researchers had medical background and spe-
cialized in gastrointestinal surgery. All researchers had
finished their respective residencies at general hospital

and had enough experience in the diagnosis and man-
agement of colorectal cancer. The reviewers classified
the videos as useful, misleading or useless, as defined by
the following: useful—containing scientifically correct
information about any aspect of the disease: symptoms,
treatment, and prevention; misleading— containing
scientifıcally unproven information; useless—without
containing the any aspect of colorectal cancer or ad-
dressing personal experience. If the video included trust-
able and misleading information at the same time, the
videos were categorized as “misleading”.
We assessed the quality of each video using a complete-

ness score (Table 1). Two reviewers viewed each video in
all content areas (aetiology, anatomy, symptoms, preven-
tions, treatments and prognosis). At present, no validated
tool for this purpose exists in the literature. Any disagree-
ments were resolved with consensuses.
Traditional Chinese medicine (TCM) has been is

deeply embedded in the populations of China and ap-
plied to the prevention and treatment of various diseases
from ancient times until now. TCM is promoted and in-
stitutionalized by the Chinese government, has spread to
more than 100 countries and has grown into an inter-
national industry [13]. For this reason, we also analysed
TCM content regarding colorectal cancer in our study.
Inter-observer agreement was evaluated with a kappa
coefficient. Differences between groups were compared
with a one-way ANOVA. Data analysis was performed
with SPSS Version 16 Software. If the p-value is less
than 0.05, the result was considered to be significant.

Table 1 Completeness checklist

Content Description

Aetiology Precancerous lesion

Heredity

Eating habits

Anatomy –

Symptoms Stool change

Altered bowel habits

Abdominal pain

Abdominal mass

Systemic symptoms

Preventions Screening

Daily habits

Treatments Surgery

Chemotherapy

Radiotherapy

Traditional Chinese medicine

Prognosis TNM stage

Perioperative treatments

Others
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Result
A Youku search revealed 348 videos for colorectal can-
cer. Videos were removed for a variety of reasons
(Table 2). Video duplication and not being in Chinese
were the two main reasons. Of the 348 videos screened,
242 videos met the inclusion criteria.

Ownership
A total of 49% of the videos were posted on the website
by independent users. Health information websites were
responsible for uploading 25% of the total videos. The
videos contributed by medical doctors were only 13%
but higher than other owner videos by max viewership
and mean viewership (Table 3). This difference among
groups was statistically significant (p < 0.05).

Information reliability
The 242 included videos were classified as useful (136
[57%]), misleading (51 [21%]), and useless (55 [22%]) ac-
cording to medical content (Table 4). The kappa coeffi-
cient statistics of agreement of these videos was 0.88.
The number of videos containing misleading informa-

tion was 51. A large part (41 [80%]) were amateur videos
about personal experiences and emotions. The mean
duration of the videos was 4.0 min with no significant
differences between useful and misleading videos or be-
tween useful and irrelevant videos (p < 0.05).

Content
Useful videos were analysed based on the information
they contained. In all of the categories, treatments were
the most frequently covered topic (70%), followed in de-
scending order by symptoms (33%), prognosis (26%),
anatomy (20%), preventions (15%) and aetiology (11%).
Table 5 shows the information completeness scores. Vid-
eos by medical doctors (p = 0.021) and health informa-
tion websites (p = 0.039) sources were significantly more
complete than those posted by independent users.

Traditional Chinese medicine
There were 128 videos containing TCM from diagnosis
to treatment. Of the TCM videos, 97 (76%) had informa-
tion about treatments of colorectal cancer. Among these
videos, 10 included TCM and Western medicine at the

same time. The information reliability is shown in
Table 6. Medical doctors and university provided more
reliable information than others (p < 0.05). A total of
30% TCM videos contain misleading information, and
this misleading rate was higher than the totals (21%).
Among the videos containing both TCM and Western
medicine, the misleading rate was as high as 90%. Most
of the videos exaggerated the actual effect of TCM and
understated therapies, except for the health information
websites mean viewership (798: 895). The other sources’
mean viewership in TCM were higher than those con-
taining both TCM and non-TCM videos.

Discussion
Colorectal cancer ranks as the fifth leading cause of can-
cer death among both male and female in mainland
China. Because the population of China accounts for
one fifth of the global world, colorectal cancer cases in
China account for 22% of all newly diagnosed cases and
27% of all deaths from worldwide [14]. The effectiveness
of prevention, early detection, and management of colo-
rectal cancer is not only important for China but also
for the world.
Internet video websites can provide useful diagnostic,

treatment and preventative medical services information.
Previous research has evaluated YouTube as an import-
ant source of information on disease topics [15]. Al-
though YouTube is blocked due to many reasons in
mainland China, there are many similar internet video
websites delivering the same functionality, such as
Youku. To the best of our knowledge, no study has been
performed to assess the accuracy and usefulness of inter-
net videos as a source of healthy information for colo-
rectal cancer in mainland China.
In this study, we selected Youku.com as the target

video website, which is ranked the largest Chinese video
broadcast site. The website of Youku not only focuses
on professionally produced videos but also emphasizes
user-generated content. The monthly unique visitors of
Youku were 2,6376,000,000 according to the data of
October in 2016 [7].
Our study demonstrates approximately 242 videos ad-

dressing colorectal cancer were provided by different
sources. Independents users represent the greatest num-
ber of sources. The content was mainly about personal
experiences in surgical procedures or hospital stays. Our
results also show that Chinese medical doctors and
health related institutions comprising 17% of colorectal
cancer videos do not pay sufficient attention to the plat-
form for the distribution of information. Doctors in
china frequently experience work overload, tend to work
overtime and experience energy deficiencies, which seem
to be one of reasons for this phenomenon [16]. The vid-
eos that were viewed most often were the videos posted

Table 2 Reasons for excluding videos

Reason for exclusion No.

No audio 1

No video 2

Not in Chinese 15

Not related to subject 3

Duplicate 85

Total exclusions 106
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by doctors followed by health information websites. This
indicates that people are more interested in a profes-
sionals experience regarding disease rather than their
peers.
As the content of most videos often lacks peer or insti-

tutional quality review, many may not be subject to
quality controls and may not be evidence-based; thus, it
is not surprising that a majority of this content is mis-
leading or irrelevant. According to previous studies, the
dissemination of inaccurate information by video web-
sites differs from diseases. A total of 56.5% of the video
information on cholecystolithiasis [11], 16.2% on H1N1
influenza [17] and 1.6% on acute appendicitis in children
[18] on YouTube were misleading. In our study, it was
demonstrated that only one-fifth of website videos con-
tain no scientifically oriented information. Only 36% of
the independent users videos reviewed were considered
to be useful compared with 90% useful doctors’ videos.
The most commonly watched videos from independ-

ent users were those that contained misleading informa-
tion, while the lowest number of views were from
medical doctors and health information websites. These
results also indicated that effective regulatory measures
are needed to control scientifically accredited informa-
tion. If misleading videos were less viewed by audiences,
the harm might be reduced.
Regarding videos addressing colorectal cancer, it is

highly difficult for laypeople or patients to distinguish
between useful videos or those containing no accurate
information. Our result indicates that an important
element to assess the reliability of videos regarding colo-
rectal cancer may be the ownership. If academic institu-
tions represent the source, such as hospital/university or
medical doctors, the videos may be regarded to be

trustworthy on the basis of content [19]. The result is
similar to those of other studies conducted outside of
mainland China [15, 16].
We found that the average completeness scores were

only 18% with a combination of aetiology, anatomy,
symptoms, preventions, treatments and prognosis. Most
of the included website videos only contained one of the
above-mentioned categories. In all of the categories,
treatments were the most frequently covered topic
(70%). It is unlikely to expect all videos to comprehen-
sively cover all aspects of colorectal cancer; therefore, it
should be deemed that some videos, whilst incomplete,
do contain precise and valuable content. Our results in-
dicated that videos from medical doctors and health re-
lated institutions have significantly higher completeness
scores than those posted by independent users. This re-
sult may suggest that videos posted by layperson mainly
aim a more social goal and videos posted by health and
medical organizations commonly take a more educa-
tional purpose. The study indicated that professionals
should utilize their expertise and contribute to more
high-quality videos for patients as information sources
in mainland China.
When video contents were analyzed, the most univer-

sal topic were the treatment aspects of the colorectal
cancer. This finding may indicate that most publishers
thought that treatment factors are the most important
component of colorectal cancer. Surgery, chemotherapy
and radiotherapy have been the mainstay of colorectal
cancer treatment. Approximately 70% of videos con-
tained one of the above subjects. As the country of ori-
gin and application of TCM, China has a unique TCM
theoretical system and effective treatment methods. In
mainland China, TCM has been recognized as additional

Table 3 Sources and classification of detected videos

Source Total videos Max viewership Min viewership Mean viewership

Independent user 118 53,455 8 10,621

Health information web site 60 60,234 167 15,390

Medical doctor 31 61,132 12,583 23,893

Hospital/University 11 20,343 670 8783

News network 22 57,890 4791 9321

Table 4 Sources and classification of detected videos

Ownership Total Videos Useful (Mv) Misleading (Mv) Useless (Mv)

Independent users 118 43 (7689) 41 (18123) 34 (5283)

Health information web site 60 48 (17517) 4 (895) 8 (9876)

Medical doctors 31 28 (24588) 1 (12583) 2 (19812)

Hospital/University 11 11 (8783) 0 (−) 0 (−)

News network 22 6 (7302) 6 (4567) 11 (12583)

Mean duration (min ± SD) 4.0 ± 2.3 5.5 ± 3.7 4.3 ± 2.1 3.7 ± 3.1

Abbreviation: SD, standard deviation; Mean viewership: Mv
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treatment methods for colorectal cancer [20]. Our study
shows that approximately 128 videos were about the an-
ticancer properties of traditional Chinese medicine.
In oncology, TCM is believed to have great healing

properties such as exerting specific anticancer activity or
chemosensitisation to help in the individualization of an-
ticancer treatment [21, 22]. Chinese cancer patients fre-
quently believe that herbs of TCM can help them
against suffering from complications and to live well.
Doctors trained in Western medicine published fewer
videos than doctors trained in Chinese medicine. How-
ever, 30% of TCM videos contained misleading informa-
tion that exaggerated actual effects and propaganda
error messages, such as curing colorectal cancer. The
highest total and misleading number of videos were
posted by independent users. The meanest viewership
was also from independent users. The misleading rate
was higher than total misleading rate (21%). There have
been a large number of controlled clinical studies pub-
lished in Chinese literature, but high-level evidence for
the clinical efficacy of TCM is still lacking [23]. Mistakes
were often found in professorial papers and in internet
videos.
Colorectal cancer is characterized by high preva-

lence, a long asymptomatic period and eminently
treatable precancerous lesions which, taken together,
suggests that screening is a prudent option in main-
land China [24]. For this reason, facilitating the earl-
ier diagnosis of colorectal cancer may have a more
immediate impact on the existing cancer burden in

mainland China. A total of 21 videos contained colo-
rectal cancer screening, which represented only 15%
of all useful videos. Almost all screening videos ad-
dress the importance of a Faecal Occult Blood Test,
digital rectal exam, and colorectaloscopy.
Despite the rising colorectal cancer incidence, pub-

lic awareness is still low in mainland China. Chinese
internet websites, such as Youku, provide a different
medium to disseminate colorectal cancer information
to the public by video instead of written text. The
written healthy information is commonly at a consid-
erably higher reading level for Chinese patients. This
video-based information source can help them and
their caregivers get better understanding. Use of the
internet for colorectal cancer information is likely to
increase. It is necessary that professional individuals
and academic institutions adapt to the advanced tech-
nology and think useful methods to solve the variable
quality of information uploaded on internet video
websites in mainland China. To maximize the poten-
tial of video-based information and minimize the
quantity misleading or unhelpful information, multi-
lateral efforts between doctors, governments and web-
sites are needed.

Limitations
First, the main bias of our study was the subjectivity
of judgement. There were no validated tools for
assessing video data. Therefore, our classification
method was subjective. However, the kappa statistic
indicated quite high agreement between two re-
viewers. Second, there was no website, such as You-
Tube, with a clearly dominant position in China.
Selecting only one Chinese video website’s data may
lead to some bias. Youku was the most popular web-
site and had the largest audience in China. Youku in
mainland China may still reflect the reliability of in-
formation available on video websites. Third, our re-
sults comprise a snapshot of information distribution
to illustrate the quality of internet video at one point
in time in China mainland, and these results may
change according to the videos that can be added or
removed with time.

Table 5 Completeness score

Completeness score No Mean ± SD

Aetiology 15 1.53 ± 0.51

Anatomy 27 –

Symptoms 43 2.77 ± 1.23

preventions 21 1.24 ± 0.44

Treatments 95 2.07 ± 0.83

Prognosis 35 1.77 ± 0.69

Total (max = 17) 136 3.07 ± 1.94

Table 6 Treatments of Traditional Chinese medicine

Total videos Useful (Mv) Misleading (Mv) Useless (Mv)

Independent users 62 23 (13532) 35 (20021) 4 (6577)

Health information web site 24 16 (23122) 3 (798) 5 (1201)

Medical doctors 7 7 (27349) 0 (−) 0 (−)

Hospital/University 1 1 (13653) 0 (−) 0 (−)

News network 3 1 (12021) 0 (−) 2 (13216)

Abbreviation: Mean viewership: Mv
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Conclusions
Colorectal cancer videos represented by Youku in
mainland China varied significantly by ownership and
content and information incompleteness were fairly
high. It is necessary that professionals adapt to the
advanced technology and think useful methods to
solve the variable quality of information uploaded on
internet video websites in mainland China.

Abbreviation
TCM: Traditional Chinese medicine
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Abstract
Several reconstruction techniques are possible after totally laparoscopic distal radical gastrectomy. An optimal technique 
of digestive tract reconstruction after distal gastrectomy has not yet been established. The ideal reconstruction should 
be not only for doctors but also for patients. Alimentary intake, satisfactory nutritional status and easy performing 
should be all considered. The aim of the study was to describe the different Billroth-I reconstruction techniques that can 
be proposed after totally laparoscopic distal radical gastrectomy.
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INTRODUCTION
In 1994, Kitano firstly reported the technique for laparoscopy assisted Billroth-I (B-I)[1]. Since then, the 
use of laparoscopic treatments for gastric cancer is increasing due to the advantages of improving patients’ 
quality of life. The new technologies and improved techniques have allowed laparoscopy gastrectomy to 
expand its indications and also to use this treatment for more complex cases. Japan Society of Endoscopic 
Surgery (JSES) conducted national survey every 2 years and indicated the percentage of laparoscopic 
procedures for gastric cancer was increasing. According to the 12th JSES survey, laparoscopic distal 
gastrectomy (LDG) was the most commonly performed type of laparoscopic gastrectomy[2].

In initial series for LDG, the majority of anastomoses were performed by laparoscopy assisted procedures. 
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The assisted procedures needed a mini-laparotomy incision of 60-70 mm in length made on the 
epigastrium[3]. But this procedure was not always easy to do, especially on patients with a small remnant 
stomach or obese patients with thick abdominal walls[4]. Anastomosis in such restricted space was usually 
difficult. With the accumulation of laparoscopic surgery experience and the development of laparoscopic 
devices, the gastrointestinal reconstruction now can be completed laparoscopically. Furthermore, 
unnecessary manipulations and the incision made on the epigastrium can be avoided.

The ideal reconstruction should be not only for doctors but also for patients. Alimentary intake, 
satisfactory nutritional status and easy performing should be all considered[5]. The B-I anastomosis is 
preferred by many doctors. It is said that the B-I anastomosis is simple and can provide a physiological 
route for food digestion and absorb without the need for an intestinal bypass or blind loop. Until now, 
various intracorporeal B-I anastomosis techniques were reported. In this article, we will review theses 
reconstruction methods.

HAND-SEWN ANASTOMOSIS IN INTRACORPOREAL B-I RECONSTRUCTION
After the accumulation of operative experience, some experienced surgeons had also presented 
intracorporeal hand-sewn techniques.

Takiguchi et al.[6] firstly reported B-I intracorporeal hand-sewn anastomosis in 2003. In his study, the 
Albert-Lembert method was used for the laparoscopic hand-sewing procedure and the anastomosis time 
was 90 min. Due to the complexity of the procedure and large amount of time required for anastomosis, it 
seemed that the hand-sewn anastomosis was not widely performed. 
 
After almost 10 years, Matsuo et al.[7] reported another study about hand-sewn B-I anastomosis. They 
performed hand-sewn gastroduodenal anastomosis in 18 cases. The mean time of B-I anastomosis was 
64.6 min. Matsuo et al.[7] described that 3-0 absorbing thread was placed in the lesser curvature as a 
supporting thread. A seromyotomy of the stomach was performed at the posterior wall. Both the remmant 
stomach and the duodenum’s seromuscular layer were discontinuously sutured by extracorporeal knot-
typing method. The lumen was opened with the stomach and the duodenum in a fixed status. The thread 
of the anchor suture was lifted upward to the abdominal wall. After that all layers of the stomach and 
the duodenum at the posterior wall were continuously sutured. The authors believed that hand-sewn 
anastomosis had some advantages. Hand-sewn sutures were not affected by the degree of freedom of the 
duodenum. Because staplers were not used, the anastomosis area was soft and highly flexible. The hand-
sewn anastomosis was economical due to that less staplers were used.

CIRCULAR STAPLER USED IN INTRACORPOREAL B-I RECONSTRUCTION
In the open surgery, circular stapler is well applied as a standardized reconstruction method of 
gastroduodenostomy. However, when it was attempted laparoscopically, the situation was often the 
opposite.

Uyama et al.[8] firstly described intracorporeal B-I reconstruction using a circular stapling device and 
introduced one case in 1995. The method was defined by the same anatomic parameters as for the open 
B-I. After that, Moriya et al.[9] and Mayers and Orebaugh[10] also reported B-I gastroduodenostomy with a 
circular stapler device. Both techniques were complicated and difficult to operate, and especially at the left 
subcostal area where an extended incision was needed. The extra incision spoiled the merit of minimally 
invasive surgery.

There are 2 major difficulties when circular stapler is applied in laparoscopic gastroduodenostomy: the first 
is the lack of a safe and fast intracorporeal purse-string suture technique and the second is the difficulty 
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in manipulating the stapler and the stomach in a narrow abdominal cavity. In order to enable the anvil 
placement into the dudenum, many strategies were applied, such as a triple stapling procedure[8] and the 
use of the natural pyloric ring with endo-looping of the duodenum[9]. Some techniques usually used in 
esophagoenteral anastomosis were also reported, such as using specially modified laparoscopic purse-
string instrument[11] and opening the lumen and applying manual purse-string suture[12]. However, there 
are still many difficulties to be overcome.

Kim et al.[13] reported a method which seemed to be quick and economical. The atraumatic clamps were 
used to prevent slippage of the duodenum which was cut with ultrasonic shear instead of linear stapler. 
After that, a seromuscular suture was done around the duodenal outer layer along the clamp. Omori el al.[14] 
reported a method like reverse puncture technique used in total gastrectomy. The anvil secured with 
vicryl suture was inserted into the duodenum through semicircumferential duodenotomy. The needle was 
advanced to the anterior duodenal wall and then the duodenum was staple-transected. Finally, the center 
rod penetrated the duodenal wall. In this method the need for purse-string suture placement was totally 
eliminated.

Although the skill inserting anvil head in the duodenal stump can be improved, laparoscopically inserting 
the circular stapler into the remnant stomach was not always easy. After removing two-thirds to three-
quarters of the stomach, the small remnant stomach was usually so small that it was difficult to insert the 
stapler, even from the epigastric region. Sometime it was very difficult to form a straight line among the 
duodenum, remnant stomach and the circular stapler from the umbilical wound. Omori el al.[15] described 
a novel method to insert the circular stapler to connect the anvil head. Firstly, the anvil head was passed 
through the posterior gastric wall with laparoscopic endloop, which can make the duodenum and remnant 
stomach form a straight line. Secondly anterior gastric suture was used to exteriorize the anvil shaft partly 
from the gastrotomy. And then the anvil shaft was advanced into the remnant stomach to make the anvil 
and the stapler join tighter.

LINEAR STAPLER INTRACORPOREAL B-I RECONSTRUCTION
Delta-shaped anastomosis and modified delta-shaped anastomosis
With the development of laparoscopic instruments and the continuous accumulation of surgical experience 
in recent years, linear stapler intracorporeal gastrointestinal anastomosis techniques have been developed.

Kanaya et al.[16] firstly reported a anastomosis method which used only laparoscopic linear staplers in the 
hope of overcoming the drawbacks of extracorporeal reconstruction. The method named delta-shaped 
anastomosis (DA) was a modified intracorporeal B-I reconstruction which was soon promoted. The 
emergence of the DA method made intracorporeal gastroduodenostomy possible, which greatly promoted 
the development of totally laparoscopic distal gastrectomy (TLDG). Utilization DA method allows 
gastroduodenal anastomosis with a diameter of at least 30  mm while avoiding stricture. Kanaya et al.[17] 
analyzed the result of initial 100 procedures and showed that the mean time of the anastomosis was 13 min 
and the rate of anastomosis related complications was rare in 2011.

But some surgeons worry about the blood supply affected during cutting, which would result in 
leakages ranging from 0.42% to 8.5%[17-20] and anatomical distortion which exist in twisting around the 
anastomosis[21]. In order to overcome the twisting around the anastomosis, some modified delta-shaped 
techniques were studied.  

Huang et al.[22] reported modified DA in 2014. This was different from the conventional DA in closing 
the common stab incision of stomach and duodenum. In order to avoid the poor blood supply of the 
duodenum, the duodenal cutting was totally resected. The appearance of the anastomoses was changed 
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from two intersections to only one as an inverted T-shape, which could decrease the anastomotic weak 
point. They reported comparable postoperative outcomes and showed that modified DA was technically 
safe and feasible[23] in another study.

After DA, many surgeons develop many other anastomosis methods based on linear stapler.

Triangulating stapling technique
Tanimura et al.[24] described the triangulating stapling technique based on a linear stapling device in 2008. 
The mean anastomotic time was 35 min. In this method, the duodenum can be transected in any direction, 
and by forming a triangle, the anastomosis lumen is made wide with no ischemic areas. Both stumps of 
duodenum and remnant stomach were opened fitting their caliber, the gastroduodenostomy linear stapler 
in the posterior wall and 2 everted sutures in the anterior wall with linear staplers. Before each direction 
anastomosis, both duodenum and remnant stomach were elevated ventrally with 3 stay sutures. But 
there are still some problems about this method. There were some differences between the stomach and 
duodenum in terms of lumen size, wall thickness, and wall extensibility. The first introverted anastomosis, 
which forms the base of the triangle, was cumbersome once all of the staple lines on the stomach and 
duodenum had been cut off.

Book-binding technique
Ikeda el al.[25] described the book-binding technique using linear stapler in 2012. The mean anastomotic time 
was 34 min. In their method, the duodenum was transected form the greater curvature side to the lesser 
curvature side. Small openings are made in the remnant stomach and duodenal stumps just wide enough to 
insert one of the jaws of the linear stapler. After the first stapling, there were three staple lines including those 
from the transection of the stomach and duodenum, which ran in parallel to the anterior wall. To prevent 
the formation of ischemic areas, a large opening was created on the anterior wall by transecting the entire 
duodenal stump and one-third of the gastric stump together with the anterior wall of the first anastomosis 
line. The anterior hole was then fired by linear stapler twice to close the large opening. Because a large 
opening was created on the anterior wall by transecting tissue and anastomosis line, maybe some tension 
was generated after the anterior hole was closed by the linear stapler. Further studies need to be done.

Linear-shaped gastroduodenostomy 
Byun et al.[26] developed a linear-shaper gastroduodenostomy method by which the appearance of 
anastomosis was completed inverted T-shaped in 2009. Duodenum was transected from the greater 
curvature side to less side. One incision was done in the greater curvature of remnant stomach at the point 
60 mm apart from the resected line. The other incision was done on the superior edge of the duodenal 
transection line. After creating the c anastomosis lumen, the common entry incision was closed by 
laparoscopic linear staplers. Finally, the greater curvature of stomach and the antero-superior of duodenum 
were perpendicular. By using this method, the rotation duodenum and remnant stomach was not needed 
which can reduce the risk of poor vascular supply. In their study, there were less bile reflux, gastritis degree 
and residual food grade compared to DA anastomosis in 6 months after surgery.

Augmented rectangle technique 
In our group, we developed a method named augmented rectangle technique (ART) anastomosis. Three 
automatic laparoscopic linear staplers were used to create the gastroduodenostomy and the anastomotic 
opening was wide and less likely to become stenosed or twisted[27]. This method was easy and time-saving. 
We performed 160 LDG operations using this technique from December 2013 to August 2017. There 
were no postoperative complications associated with the reconstruction, such as anastomotic leakage, 
hemorrhage or stenosis. In the ART method, the duodenum was transected form the greater curvature 
side to less side. Small incisions were made in duodenal stumps and the greater curvature of remnant 
stomach in order to insert the jaws of the linear stapler. After inserting the stapler, the lesser curvature 
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end of the duodenal stump was rotated externally by 90°. After the initial suturing between the remnant 
stomach and the duodenum, the two sides (posterior wall and cranial wall), the posterior wall and caudal 
wall, form a V-shape. A 30 mm linear stapler was applied to close the insertion holes up to the closest 
side of the duodenal resection margin. After gastric and duodenal resection margins were ensured to be 
close together, the 60 mm laparoscopic linear stapler was used to transect the duodenal resection margin 
to create the margin. After the above steps, all the previous linear staplers were removed from duodenal 
resection margin.

Thanks to the elimination of the stay sutures in the anastomosis site, the risk of leakage of the intestinal 
contents into the peritoneal cavity can be reduced with a result of reduced incidence of peritoneal 
abscess[28,29]. Removing the staple line of the duodenal stump without creating a T-shaped anastomotic 
region can avoid postoperative stenosis. The ART can create larger 4-sided anastomosis diameters than 
3-sided ones, without worrying about whether the width of the opening will be reduced by the final stapling.

APPLICATION OF BARBED SUTURE IN INTRACORPOREAL ANASTOMOSES
Intracorporeal suturing and knot typing in some B-I anastomosis were time-consuming and tedious and 
especially these procedures were the last steps to do in LDG. But various devices have been developed 
to simplify the placement of intracorporeal sutures, and barbed suture is one such device. Using the 
barber suture could reduce the number of knot typing, the suturing efficiency and reduce the cost of 
intracorporeal reconstruction with staplers[30]. Lee et al.[30] used barber sutures to close entry hole in 354 
patients instead of staplers with a result of minimizing the suturing time. There were no patients who 
needed to be converted to usual sutures or mechanical closure with staplers and only one patient presented 
with postoperative anastomotic bleeding.

CONCLUSION
Several reconstruction techniques are possible after TLDG [Table 1]. The best reconstruction is the one, 
that simplifies the technique, maintains satisfactory nutritional status and quality of life while keeping 

Table 1. Summary of different methods applied in intracorporeal Billroth-I reconstruction

Year    Author No.   Age      Method Anastomotic 
time (min)

Operative 
time (min) 

Blood loss Postoperative 
stay (d) 

Anastomosis-
related 

complations
Hand-sewn anastomosis in intracorporeal B-I 
reconstruction

2003 Takiguchi et al .[6] 1 50 Hand-sewn 90 420 NS 7 0
2012 Matsuo et al .[7] 18 NS Hand-sewn 64.6 NS 53.1 ± 91 21.7 0

Circular stapler used in intracorporeal B-I 
reconstruction

1995 Uyama et al .[8] 1 56 CS NS 318 NS 14 0
2012 Kim et al .[13] 23 60.3 ± 11.3 CS 43.3 ± 15.4 209.7 ± 49.9 72.6 ± 47.9 7.7 ± 2.3 0
2012 Omori et al .[15] 20 NS CS NS 279 NS 9 0

Linear stapler intracorporeal B-I reconstruction
2011 Kanaya et al .[17] 100 65.5 ± 9.3 DA 13.0 ± 3.9 239.2 ± 53.2 92.6 ± 89.7 16.7 ± 13.8 1 (anastomotic leak)
2014 Okabe et al .[20] 185 NS DA NS 283 NS NS 5 (anastomotic leak)

3 (delayed gastric 
emptying)

2011 Noshiro et al .[19] 71 70 ± 10 DA NS 260 ± 56 63 ± 79 NS 6 (anastomotic leak)
2014 Huang et al .[22] 102 60 ± 12 Modified DA 12.2 ± 4.2 150.6 ± 30.2 48.2 ± 33.2 12.0 ± 6.5 2 (anastomotic leak)
2008 Tanimura et al .[24] 196 NS TST 28 ± 4 249 ± 38 NS NS 1 (anastomotic leak)
2013 Ikeda et al .[25] 9 59.3 BBT 34 ± 7 255 ± 13 50 ± 66 14.2 ± 2.3 0
2016 Byun et al .[26] 190 57.2 ± 12.5 LSGD NS 147.9 ± 49.4 97.3 ± 95.7 6.8 ± 3.1 2 (anastomotic 

stenosis)
2018 Fukunaga et al .[27] 160 69.5 ± 10 ART NS 227 ± 75 47.3 ± 50 12 ± 5 0

CS: Circular stapler; DA: delta-shaped anastomosis; TST: triangulating stapling technique; BBT: book-binding technique; LGSD: linear-
shaped gastroduodenostomy; ART: augmented rectangle technique; NS: not stated
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postoperative morbidity as low as possible. We believe that the new technologies and improved techniques 
will bring more benefits to patients and doctors.
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学生本人が行つた

研究の概要

ヒト末梢血リンパ球の T細胞マイトゲン応答性増殖に対する、中国防已成分のテト

ランドリンと本邦防已成分のシノメニンの作用を in vitroにて検討した。これらの

化合物はいずれも、上記リンパ球増殖を用量依存的に抑制することを明らかとした。

またテトランドリンは、T細胞マイトゲンで刺激したヒト末梢血リンパ球からの炎症
性サイトカインの産生を抑制し、末梢リンパ球中の制御性 T細胞の比率を減少させる
ことを示した。一方シノメニンは、副腎皮質ステロイドと併用することにより、T細

胞マイトゲンで刺激したヒト末梢血リンパ球の増殖を相乗的に抑制することを初め

て明らかとした。

総合評価

【良かつた点】

実験研究に前向きに取り組み、幾多の成果をあげるとともに、これらの成果を英論

文としてまとめ、投稿にまで至つている。実験計画、実験の実施、データ解析、論文

作成およびその投稿に関し、自身で遂行する能力を修得している。また、生薬成分が

ヒト免疫系に及ぼす作用の機序について、分子生物学的に検討するための新しい実験

手法も修得しつつある。以上、博士論文を作成するにあたり、十分な能力を取得でき

たものと考える。

【改善すべき点】

今後は、本研究内容を臨床に応用していく必要がある。免疫関連疾患や腎疾患など、

本研究に関連した臨床の知識はある程度身につけているが、これらの疾患の病態や薬

物治療に関するより詳細かつ専門的な知識を修得し、現在の研究内容との関連を意識

した臨床研究を行つていけるよう、一層の努力を期待したい。

【今後の展望】

現在は、与えられた研究テーマを確実にこなし、それらを論文としてまとめるのに

余念がない。今後は、新しく魅力的な研究テーマを自ら発案できるよう、他分野の研

究にも興味を持ち、種々の自然科学領域の知識を修得していつてほしい。

学位取得見込

現在までに、本人が筆頭著者となつている英文論文を 3報発表している。また研究

成果も、臨床応用も可能な極めて有用かつ斬新な内容を含んでいる。これらの観点か

ら、博士論文作成が可能であるとみなし、現在当該論文の執筆にあたらせている。

本年 10月 に本学大学院論文博士の予備審査を受け、来年 2月 に本審査、そして 3月

には博士号を取得できるよう指導している。
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Sinomenine has been used as an antirheumatic drug in China. Glucocorticoid com-

bined with sinomenine could be an alternative therapeutic approach. In this study,

we evaluated the sinomenine potential effect on glucocorticoid pharmacodynamics

in vitro using a human peripheral blood mononuclear cell (PBMC) culture system.

We also disclosed the possible action mechanism of sinomenine with a focus on P‐

glycoprotein function and glucocorticoid receptor (GR) translocation into nucleus.

The median (range) of methylprednisolone IC50 values against the PBMC proliferation

was 3.18 (0.45–6.81) ng/mL, whereas the median (range) IC50 values of methylpred-

nisolone combined with 0.03, 0.3, 3, and 30 μM sinomenine were 1.85 (0.05–5.15),

0.83 (0.10–3.90), 0.56(0.09–1.62), and 0.59(0.05–1.30) ng/mL, respectively.

Sinomenine significantly decreased the IC50 values of methylprednisolone and

enhanced the immunosuppressive effect of methylprednisolone (p < 0.05).

Sinomenine alone regulated the GR translocation in both Jurkat T cells and normal

human PBMCs, and the combination of sinomenine and methylprednisolone showed

stronger GR‐modulatory activity than methylprednisolone alone. Thus, the additive

effect of sinomenine to promote the methylprednisolone immunosuppressive efficacy

was suggested to be related to nuclear GR‐translocation. However, sinomenine did

not significantly inhibit the P‐glycoprotein function in the activated PBMCs, suggest-

ing that sinomenine's additive effect seemed to be unrelated with the P‐glycoprotein

inhibition.

KEYWORDS

glucocorticoid receptor, immunosuppressive effect, methylprednisolone, peripheral blood

mononuclear cells, P‐glycoprotein, sinomenine
1 | INTRODUCTION

Sinomenine (SN), the main active alkaloid of herbal plant Sinomenium

acutum (Thunb.), has been used to treat patients with rheumatoid

arthritis (RA) in China since 1980s (Liu, Resch, & Kaever, 1994;

Yamasaki, 1976). Synergistic effects of SN in combination with the
wileyonlinelibrary.co-228
immunosuppressive drugs tacrolimus and mycophenolic acid were

confirmed in vitro (Vieregge, Resch, & Kaever, 1999). Therefore,

immunosuppressive drugs combined with SN became to be an alterna-

tive therapeutic approach for RA patients in China.

P‐glycoprotein (P‐gp) is known to be localized on the immune cell

membrane and acts as “efflux pumps,” lowing the intracellular
© 2018 John Wiley & Sons, Ltd.m/journal/ptr 187-
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concentration of many lipophilic drugs and thus leading to glucocorti-

coid (GC) resistant (Garcia‐Carrasco et al., 2015). Persistent expression

of P‐gp was identified on human peripheral blood lymphocytes

(PBMCs) of GC resistant patients with systemic lupus erythematosus

(Kansal, Tripathi, Rai, & Agarwal, 2016). GC resistant RA patients also

companied with higher percentage of P‐gp expression (Maillefert

et al., 1996). SN was reported to down‐regulate P‐gp expression and

inhibit the efflux function of P‐gp in multidrug resistant bladder cancer

cell model 253 J/DOX (Chen et al., 2014). Whether therapeutic dose

of SN can suppress the function of P‐gp in PBMCs, to potentiate

immunosuppressive effect of GC is essential to be clarified.

An immune‐cell culture system in vitro using the mitogen‐acti-

vated PBMCs appeared to be able to simulate the immune network

in vivo (Xu, Meng, Kusano, et al., 2017; Xu, Meng, Tu, et al., 2017).

Hence, in the present study, we evaluated the potential additive effect

of SN on GC pharmacodynamics in vitro to suppress the proliferation

of T‐cell mitogen activated PBMCs with a focus on P‐gp function.

GCs mediate their effects by binding on the glucocorticoid recep-

tor (GR), an intracellular hormone receptor, which in absence of a stim-

ulus remain inactive in the cytoplasm. After GC binding, GRs undergo

conformational change and translocate into nucleus where they

homodimerize and act as a transcriptional regulator of many target

genes by binding on GC response elements. Consequently, the GC‐

GR homodimer shows strong anti‐inflammatory and immunosuppres-

sive potencies (Onda et al., 2006; Panagiotou, Mihailidou, Brauhli,

Katsarou, & Moutsatsou, 2018). To explain the additional effects of

SN on GC pharmacodynamics, we investigated SN on GR expression

levels and GR subcellular localization. Comparing with the T‐cell mito-

gen activated PBMCs, human leukemic Jurkat T‐cells were easier to

obtain with higher established reliability and thus chosen for this

investigation (Panagiotou et al., 2018), in addition to PBMCs.
29
2 | MATERIALS AND METHODS

2.1 | Reagents

Roswell Park Memorial Institute (RPMI) 1640 and fetal bovine serum

(FBS) were purchased from Gibco BRL (Grand Island, NY, United

States). Concanavalin A was purchased from Seikagaku Kogyo Co.,

Tokyo, Japan. SN (purity: more than 98%, biological source: S. acutum)

and verapamil were purchased from Sigma Aldrich (St. Louis, MO,

United States). SN was dissolved in ethanol (Wako Pure Chemical

Industries, Ltd., Japan) at a concentration of 15 mM, filtered through

a 0.2 μm membrane filter (Advantec Co., Japan) then stored at 4°C

until use. The working concentrations were prepared by dilution with

ethanol. Methylprednisolone (MP) was provided from Sigma Aldrich

(St. Louis, MO, United States), dissolved in ethanol, and then stored

at 4°C until use. The cell proliferation WST‐8 assay kits were obtained

from Dojindo Molecular Technologies, Inc., Japan. FITC mouse antihu-

man CD4 and APC Mouse Anti‐Human CD8 were obtained from BD

Biosciences, San Jose, CA, United States. GR antibody (G‐5) was pro-

vided by Santa Cruz Biotechnology, INC (dilution 1:1000, # sc‐

393232). β‐actin was purchased from Proteintech Group (dilution

1:5000, # 66009–1‐Ig). Anti‐TATA binding p antibody was obtained-2
from Abcam (dilution 1:1000, # ab818). All other reagents were of

the highest quality available from commercial vendors.

2.2 | Subjects

The present study was carried out in accordance with The Code of

Ethics of the World Medical Association (Declaration of Helsinki).

The study was approved by the Ethical Committee of Tokyo Univer-

sity of Pharmacy and Life Sciences, and written informed consent

was obtained from all healthy subjects included in the study. The

study included seven healthy subjects (four males and three females

with a mean age of 26.8 years). These subjects had neither a history

of immunological disorders nor a history of taking immunosuppressive

drugs including GC.

2.3 | Isolation and culture of PBMCs and evaluation
of drug effects in vitro

Twenty milliliters of venous blood were taken from healthy subjects

between 9:00 and 11:00 in the morning and heparinized. This 20 mL

sample size was the smallest possible to examine the effects of MP

in the presence or absence of SN. The heparinized blood was loaded

on 4 mL of Ficoll–Hypaque (Nakarai Co., Japan), and centrifuged at

1,300 g for 20 min. PBMCs were separated and suspended with RPMI

1640 medium containing 10% FBS, 100,000 IU/L penicillin, and

100 mg/L streptomycin to a final density of 1 × 106 cells/mL as we

described previously (Xu, Meng, Kusano, et al., 2017).

One hundred ninety‐four microliters of this cell suspension were

loaded into wells of a 96‐well plate. Concanavalin A, as a T‐cell mito-

gen, was added to each well to a final concentration of 5 μg/mL. Sub-

sequently, 2 μL of an ethanol solution containing MP were added to

give final concentrations of 0.05, 0.5, 5, and 50 ng/mL. To examine

the additional effect of SN combined with MP, 4 μL of an ethanol

solution containing SN were subsequently added to give final concen-

trations of 0.03, 0.3, 3, 30, and 300 μM, respectively. Six microliters of

ethanol were added to the control wells. The plate was incubated for

96 h in 5% CO2 at 37°C. After the culture, 10 μL of WST‐8 assay

reagent solution were added to each well, and the plate was incubated

for another 3 h. The PBMC proliferation was determined by measuring

the optical density at 450 nm absorbance (ref. 650 nm). PBMCs prolif-

eration was calculated by (Test‐Blank)/(Control‐Blank) × 100%. IC50

values of MP were obtained by GraphPad Prism 5. The culture wells

of blank group included RPMI 1640 only. The culture system of test

group included concanavalin A, SN, MP, or their combination and

PBMC suspension. The culture wells of control group included conca-

navalin A, ethanol, and PBMC suspension (Xu, Meng, Tu, et al., 2017).

2.4 | Functional assays for P‐glycoprotein in PBMCs

PBMCs were loaded with a final concentration of 2 μM of Rhodamine

123 (Rh123) and incubated for 10 min in 5% CO2 at 37°C. Verapamil

was used as a P‐gp specific competitive inhibitor. Then, Rh123‐treated

cells were resuspended in a Rh123‐free complete media with or with-

out 0.03, 0.3, 3, 30, or 300 μM SN, combining with or without 0.5 ng/

mL MP, 0.5 ng/mL MP, and 5 μM verapamil at 37°C for 180 min. After

the efflux period, cells were washed twice with ice‐cold PBS/10%FBS-
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and were then stained with FITC mouse anti‐human CD4 and APC

Mouse Anti‐Human CD8. After staining, the cells were washed twice

and then resuspended in PBS and kept on ice in the dark until analysis

by FACSCanto™ II as we described before (BD Biosciences, San Jose,

CA) (Xu, Meng, Tu, et al., 2017).

2.5 | Jurkat cell culture

Human leukemic Jurkat T‐cells were purchased from ATCC and cul-

tured in RPMI 1640 medium containing 10% FBS, 100,000 IU/L pen-

icillin and 100 mg/L streptomycin, at 37°C in a humidified atmosphere

of 5% CO2. In order to prepare cells for Western blot analysis and

immunofluorescence, cells were cultured with different concentra-

tions of SN (0.03, 0.1, 0.3, 1, and 3 μM) and/or MP (5 ng/mL).

2.6 | Western blot analysis

PBMCs and Jurkat cells were pre‐treated with SN for 24 h and har-

vested in 2 h after MP treatment. Cytoplasmic and nuclear proteins

were extracted using theThermo Scientific NE‐PER Nuclear and Cyto-

plasmic Extraction Reagents (Pierce Biotechnology, Rockford, IL,

United States) according to themanufacturer's instruction. Protein con-

centrationwas quantified by Pierce BCA Protein Assay Kit (Thermo Sci-

entific). Cytoplasmic and nuclear extractions were subsequently

separated by SDS‐polyacrylamide gel electrophoresis and then

electrotransferred to hydrophobic polyvinylidene fluoride membrane

(Immobilon‐P; Merk Millipore, Darmstadt, Germany). Membranes were

blocked with 5% skimmed milk for 1 h and washed with Tris‐buffered

saline/0.1% Tween‐20 subsequently. Then, the membranes were incu-

bated with primary antibodies against individual proteins overnight at

4°C. After triple washing with TBST, the membranes were continued

to incubate with secondary antibody (Anti‐mouse IgG, HRP‐linked,

#7076, Cell Signaling Technology, Inc.) at a dilution of 1:1000 for 1 h

at room temperature. After triple washing withTBST, the signals were

detected with an ECL or ECL Prime Western Blotting detection kit

(GE Healthcare) in a luminescent image analyzer (Fujifilm; LAS‐3000;

Fujifilm, Tokyo, Japan). The images were subsequently quantitatively

analyzed by ImageJ software (version 1.52e, National Institutes of

Health, United States; http://imagej.nih.gov/ij).

2.7 | Immunofluorescence

In order to confirm the effect of SN on GR subcellular compartmental-

ization, Jurkat cells were subjected to immunofluorescence after treat-

ment with SN and/or MP. Briefly, Jurkat cells were treated with SN for

24 h and then cultured with MP for another 2 h. Cells were harvested

and fixed with 4% paraformaldehyde. After washing with PBS, cells

were blocked for 1 h in PBS/3% BSA/0.5% triton‐X at room tempera-

ture and incubated with primary GR antibody (1:100; G‐5, sc‐393232,

Santa Cruz, CA, United States) overnight at 4°C. After washing with

PBS, cells were continued to incubate with second goat anti‐mouse

antibody (1:500; Alexa Fluor 488 goat anti‐mouse IgG/IgM, # A‐

10680, Invitrogen) for 1 h at room temperature, followed by 10 min

nuclear staining with Hoechst 33342 (#17535, AAT Bioquest, Inc,

CA, United States). Images were captured with a fluorescence micro-

scope (Biozero BZ‐8000 Series, Keyence, Japan). Signals were-2
quantified using ImageJ program as mentioned above. A same size

area was selected and the signal was measured in each nucleus, giving

the intensity in arbitrary unit.
2.8 | Statistical analysis

Differences in the percentages of PBMC‐proliferation, IC50 values of

drugs, Rh123 accumulated amounts between controls and the cell

fractions treated with serial concentrations of drugs, and protein

expression levels were analyzed with Bonferroni tests. Expression

and subcellular localization of GR in Jurkat cells after treatment with

MP and/or SN were also analyzed with Bonferroni tests. Subcellular

localization of GR in Jurkat cells following treatment with MP and/or

SN and expression and subcellular localization of GR in PBMCs after

treatment with MP and/or SN were performed using Dunnett's Multi-

ple Comparison Test. These analyses were performed with GraphPad

PRISM 5.0 (GraphPad Software Inc., San Diego, CA). In each case,

two‐sided p values (<0.05) were considered to be significant.
3 | RESULTS

3.1 | Effects of sinomenine in the presence or
absence of methylprednisolone on mitogen‐activated
proliferation of PBMCs

The effects of SN on cell proliferation of PBMCs activated with a T‐

cell mitogen, concanavalin A, were examined in vitro. The results were

presented in Figure 1A. SN at concentrations of 0.03–3 μM showed a

little inhibitory effects, but SN at concentrations ≥30 μM exhibited

strong suppressive effects on the activated proliferation of PBMCs

(p < 0.001). The median (range) of SN IC50 values against the prolifer-

ation of PBMCs was 38.4 (2.51–187.00) μM.

Then, we continued to examine the additive efficacy of SN with

MP to suppress the proliferation of mitogen‐activated PBMCs of

healthy subjects. The median (range) of MP IC50 values was 3.18

(0.45–6.81) ng/mL, whereas the median (range) IC50 values of the drug

combined with 0.03, 0.3, 3, and 30 μM of SN decreased dose depen-

dently to 1.85 (0.05–5.15), 0.83 (0.10–3.90), 0.56 (0.09–1.62), and

0.59 (0.05–1.30) ng/mL, respectively (Figure 1b). The additive effect

of 30 μM SN compared with the suppressive effect of MP alone

was statistically significant (p < 0.05) (Figure 1b).
3.2 | Effects of sinomenine in the presence or
absence of methylprednisolone on P‐glycoprotein
function of PBMCs

Next, we investigated whether SN suppressed the function of P‐gp in

PBMCs to enhance the GC immunosuppressive effect. SN at 0.03 to

30 μM did not show any inhibitory ability on the efflux function of

CD4+, CD8+ T cells, or lymphocytes. Three hundred micrometer of

SN tended to suppress the P‐gp function of these immune cells, but

the effect was not significant (Figure 2a). Similar tendency was

observed on the combination of MP and SN (Figure 2b). In contrast,

verapamil at 5 μM significantly inhibited the efflux potencies of these

cells (p < 0.05) (Figures 2a and b).-

http://imagej.nih.gov/ij


FIGURE 1 Effects of methylprednisolone (MP) in the presence or
absence of sinomenine (SN) on proliferation of human peripheral

blood mononuclear cells (PBMCs) activated with concanavalin A. Cell
proliferation was determined by WST‐8 assay. PBMC proliferation
was estimated from the formula (Test‐Blank)/(Control‐Blank) × 100%
(PBMC proliferation%). The IC50 values were calculated by GraphPad
Prism 5. (a) Effects of SN on the proliferation of PBMCs. (b) IC50

values of methylprednisolone in the presence or absence of SN on the
PBMC proliferation. The data were expressed as means ± S.E.M.
Statistical analyses were performed using Bonferroni's multiple
comparison tests, *p<0.05 and ***p<0.001. (n = 6)

FIGURE 2 Rhodamine 123 (Rh123) accumulation in the human
peripheral blood mononuclear cells (PBMCs) in the presence of
sinomenine (SN). PBMCs were incubated with 2 μM Rh123 to uptake
the fluorescent dye for 10 min. Subsequently, the cells were washed
and cultured with or without drugs to efflux intracellular dye for
180 min. (a) Effects of SN, as compared with verapamil (VP), the
prototype P‐glycoprotein blocker, on P‐glycoprotein function of
PBMCs. PBMCs were incubated with 0.03–300 μM of SN for the

efflux period, and the Rh123 accumulation was measured by flow
cytometry. (b) P‐glycoprotein inhibitory effect of SN in the presence
of methylprednisolone (MP). Rh123 mean fluorescence intensities
were detected by flow cytometry analysis, and Rh123 accumulated
(%) was calculated by the formula: Dye accumulated/Dye
uptaken × 100 (%). The results were expressed as means ± S.E.M.
Statistical analyses were performed using Bonferroni's multiple
comparison tests. *p<0.05 as compared with the group without drugs.
#p<0.05 as compared with the group treated with methylprednisolone
alone. (n = 3)
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3.3 | Effects of sinomenine in the presence
methylprednisolone on GR expression level and GR
subcellular localization of Jurkat cells

To further investigate the underlying mechanism of the additional

effect of SN on GC, the GR expression levels and GR subcellular local-

ization were evaluated. Nuclear and cytoplasmic extractions were sub-

jected to Western blot analysis, respectively. As shown in Figure 3a,

the levels of GR expression in nucleus was upregulated by 5 ng/mL

of MP in Jurkat cells, and this GR upregulation effect of MP was sig-

nificantly potentiated by 0.3 (p < 0.05), 1 (p < 0.001), and 3 μM

(p < 0.001) of SN in a dose‐dependent manner. Meanwhile, SN itself

also seemed to increase the GR expression in the nucleus of Jurkat

cells clearly, although these effects were negatively correlated to the-2
dose of SN (dose range 0.3–3 μM) and the data were not significant.

However, the levels of GR expression in cytoplasm were not dramat-

ically changed by MP and/or SN (Figure 3b).

Subsequently, GR subcellular localization of Jurkat cells was ana-

lyzed by using the data of Figure 3a and 3b. As shown in Figure 3c, after

2 h treatment by MP, GR was translocated into nucleus, and thus, the

ratio of GR distribution in nucleus and cytoplasm was changed by MP

treatment. However the influences of SN in combination with MP on

GR distributionwere obvious, comparing with theMP alone. Therefore,

the combination of MP and SN changed the ratio of GR distribution in

nucleus and cytoplasm more strongly (p < 0.01).
3.4 | Effects of sinomenine alone on GR expression
level and GR subcellular localization of Jurkat cells

As mentioned above, SN alone (0.3–3 μM) showed a tendency to

upregulate GR expression levels in the nucleus of Jurkat cells, while in

a negative dose‐dependent manner. To confirm the effect of SN itself

on GR translocation, enlarged range doses of SN (0.03–3 μM) were

chosen to investigate (Figure 4). SN increased the GR expression in

the nucleus dose‐dependently. Among the five experimental doses of

SN, 0.3 μM of SN showed the strongest effect to upregulate the-



FIGURE 3 Expression and subcellular localization of glucocorticoid receptor (GR) in Jurkat cells after treatment with methylprednisolone (MP)
and/or sinomenine (SN). Western blot analysis and densitometric quantification of total GR in nuclear (a) and cytoplasmic (b) extracts of Jurkat
cells. Distribution of GR in nuclear/cytoplasmic fractions (c). Cells were pretreated with sinomenine for 24 h and harvested in 2 h after
methylprednisolone treatment. Nuclear protein extracts were normalized toTATA‐binding protein (TBP) and cytoplasmic extracts to β‐actin. Data
represented the mean ± S.E.M. of seven independent experiments. Statistical analyses were performed using Bonferroni's multiple comparison
tests, *p < 0.05, **p < 0.01, and ***p < 0.001, as compared with the control group, respectively
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nuclear GR expression level (p < 0.01, Figure 4a). All the experimental

doses of SN had little effects on the cytoplasmic GR expression,

although larger doses (≥1 μM) showed tendency to increase GR

expression in cytoplasm (Figure 4b). Thus, the ratio of GR distribution

in nucleus and cytoplasm changed by SN in a dose‐dependent manner

(Figure 4c).
32
3.5 | Effects of sinomenine in the presence or
absence of methylprednisolone on GR subcellular
compartmentalization using immunofluorescence in
Jurkat cells

To provide morphologic evidence of cells, we further checked the sub-

cellular distribution of GR in Jurkat cells after treatment with SN and/or

MP by immunofluorescence. As shown in Figure 5a, treatment withMP

(5 ng/mL) facilitated the nuclear translocation of GR. Similar results

were observed after incubation of Jurkat cells with SN (0.03–3 μM,

Figure 5a). Moreover, SN at 0.3 (p < 0.05), 1 (p < 0.05), and 3 μM

(p < 0.01) significantly enhanced the translocation of GR in nucleus

caused by MP in Jurkat cells (Figure 5b). These observations were in

agreement with the results from Western blot (Figures 3 and 4). -2
3.6 | Effects of sinomenine in the presence or
absence of methylprednisolone on GR expression level
and GR subcellular localization of PBMCs

To confirm the modulation effects of SN and MP on the GR translo-

cation, PBMCs obtained from three healthy subjects were fraction-

ated, and GR expression levels were detected by Western blot.

Figure 6a showed GR protein in the nucleus of PBMCs treated by

the agents. 0.3 and 3 μM of SN tended to stimulate the GR expres-

sion in nucleus. Meanwhile, 3 μM of SN influenced the effect of

MP (5 ng/mL) on nuclear GR expression slightly. However, in

Figure 6b, the level of GR expression decreased by the combination

of SN (3 μM) and MP (5 ng/mL) significantly (p < 0.05). The combina-

tion of MP and SN tended to change the distribution more largely

(Figure 6c), which meant that SN could affect the GR subcellular

localization of PBMCs.
4 | DISCUSSION

Comparing with isolated T cells, mitogen‐activated PBMCs were much

closer to the human immune network in vivo. Thus, PBMC culture-



FIGURE 4 Expression and subcellular localization of glucocorticoid receptor (GR) in Jurkat cells after treatment with sinomenine (SN) alone.
Western blot analysis and densitometric quantification of total GR in nuclear (a) and cytoplasmic (b) extracts of Jurkat cells. Distribution of GR
in nuclear/cytoplasmic fractions (c). Cells were pretreated with sinomenine for 24 h and methylprednisolone (MP) for 2 h. Nuclear protein extracts
were normalized to TATA‐binding protein (TBP) and cytoplasmic extracts to β‐actin. Data represented the mean ± S.E.M. of seven independent
experiments. Statistical analyses were performed using Bonferroni's multiple comparison tests, **p < 0.01 and ***p < 0.001, as compared with the
control group, respectively
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procedure was chosen to examine the SN potential effect on GC

immunosuppressive efficacy (Xu, Meng, Tu, et al., 2017). SN at

0.03–3 μM tended to suppress the proliferation of PBMCs. The addi-

tional function of these concentrations of SN also tended to enhance

the immunosuppressive efficacy of MP to decrease the IC50 values

(Figures 1a and b). SN at ≥30 μM significantly inhibited the PBMC

proliferation (Figure 1a); meanwhile, the agent potentiated the GC

pharmacodynamics significantly (Figure 1b). Our findings in vitro may

partially explain why GC combined with SN has been used for the

treatment of RA patients in China, especially for those who were suf-

fering from refractory RA.

A lot of studies reported that SN had anticancer function in breast

and many other cancers due to its suppressive effects on cell prolifer-

ation and apoptosis promotion effects (Lu et al., 2013; Song et al.,

2015; Song et al., 2018). To exclude a related cytotoxic effect of SN

on human T cells, the SN effects on Jurkat T cells were examined by

the WST‐8 procedures in vitro. All the experimental concentrations-2
of SN, including the highest one 300 μM, did not show any cytotoxic

function in Jurkat T cells (data not shown).

Some GC‐resistant refractory RA patients were known to be

accompanied with higher P‐gp expression on peripheral lymphocytes

(Maillefert et al., 1996). Our data suggested that the additional

function of SN to enhance GC immunosuppressive efficacy seemed

not to be related with P‐gp target of PBMCs because we did not

observe the inhibitor capacity of SN (<300 μM) on the P‐gp of

PBMCs. Although SN (≥300 μM) tended to suppress the efflux

function of P‐gp on CD4+, CD8+ T cells, and lymphocytes (Figure 2),

the pharmacokinetic parameters of SN tablet in PBMCs of healthy

volunteers suggested that the serum concentration of SN could not

accumulate with such higher concentration because the Cmax of SN

was 246.604 ± 71.165 ng/mL after taking 80 mg SN tablet once

(Yan et al., 1997). Chen et al. reported that SN at 100 or 200 μg/mL

exerted significant suppressive effects on P‐gp of human bladder

cancer 253 J/DOX cells (Chen et al., 2014). However, we did not-



FIGURE 5 Subcellular localization of glucocorticoid receptor (GR) in Jurkat cells following treatment with methylprednisolone (MP) and/or
sinomenine (SN). Cells were pretreated with sinomenine for 24 h and harvested in 2 h after methylprednisolone treatment. After washing, the
cells were fixed and incubated with GR antibody, following with Alexa Fluor 488 goat anti‐mouse IgG/IgM. Images were examined by a
fluorescence microscope and the representative result of three independent experiments was shown as in Figure (a). Signals were quantified using
ImageJ program, giving the intensity in arbitrary unit (b). GR intensity was expressed as means ± S.E.M. of three independent experiments and
analyzed by using Dunnett's Multiple Comparison Test, *p < 0.05 and **p < 0.01 as compared with the control group, respectively [Colour figure
can be viewed at wileyonlinelibrary.com]
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obtain the similar results when using the human PBMC culture system,

which suggested that P‐gp inhibitory function of SN was a cell‐type

specific effect.

To elucidate the mechanism of the additional function of SN on

MP pharmacodynamics, we continued to examine the effects of SN

in the presence or absence of MP on GR expression level and GR sub-

cellular localization by using Jurkat cells. SN alone at 0.03–3 μM

increased the GR expression in nucleus, showing the maximum effi-

cacy of the agent at these concentrations (Figure 4). In a recent study,

Li et al. reported that 1 μM of SN was enough to stimulate the phos-

phorylation of the mitogen‐activated protein kinase p‐38, JNK, and

ERK on human breast cancer cell lines MDA‐MB‐231 and MCF‐7 (Li

et al., 2014). However, lots of researches disclosed that GRs might

be phosphorylated by these kinases that alter their binding affinity

for GC, stability, translocation to the nucleus, binding to DNA, and

interaction with other proteins, such as transcription factors and

molecular chaperones (Barnes & Adcock, 2009; Hirano, 2007; Weigel-2
& Moore, 2007). The above information may partially explain the phe-

nomenon that SN at concentrations more than 1 μM showed even

lower efficacy on the GR translocation.

However, 1 or 3 μM SN combined with MP exhibited larger effi-

cacy to potentiate the GR translocation (Figure 3), which was in accor-

dance with the tendency of the agents on PBMC pharmacodynamics

(Figure 1b). The information hinted that some other mechanisms were

existed in the additional effect of SN at concentrations of 1–3 μM.

One of the possible reasons was that higher doses of SN showed mild

effect to increase the amount of GR, resulting in enhanced ability of

GR translocation in Jurkat cytoplasm (Figure 4b), and thus the GR

expression in nucleus increased. On the other hand, 1 μM SN was

reported to prevent IL‐1β‐induced p‐NF‐κB p65 expression in human

fibroblast‐like synoviocytes (Yao, Zhao, Zhao, & Cai, 2017). SN signif-

icantly decreased the expression of p‐NF‐κB p65 in the cardiac tissue

of diabetic rats in vivo (Jiang, Tong, Zhang, Liu, & Wang, 2017). Acti-

vation and/or increase in number of NF‐κB might result in attenuation-

http://wileyonlinelibrary.com


FIGURE 6 Expression and subcellular localization of glucocorticoid receptor (GR) in peripheral blood mononuclear cells (PBMCs) after treatment
with methylprednisolone (MP) and/or sinomenine (SN). Western blot analysis and densitometric quantification of total GR in nuclear (a) and
cytoplasmic (b) extracts of PBMCs. Distribution of GR in nuclear/cytoplasmic fractions (c). Cells were pretreated with sinomenine for 24 h and
harvested in 2 h after methylprednisolone treatment. Nuclear protein extracts were normalized to TATA‐binding protein (TBP) and cytoplasmic
extracts to β‐actin. Data represented the mean ± S.E.M. of more than three experiments. Statistical analyses were performed using Dunnett's
Multiple Comparison Test, *p < 0.05 as compared with the control group
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of GC efficacy because proinflammatory transcription factors could

interact with activated GC‐GR complex in nucleus (Barnes & Adcock,

2009; Hirano, 2007). Therefore, the additional effect of SN on GR

translocation might be related to the regulatory activity of SN on

NF‐κB signaling pathway. In agreement with our result of Western

blot, morphologic evidences of immunofluorescence provided visual

images, as shown in Figure 5.

Considering the differences of Jurkat T cells and PBMCs, we fur-

ther investigated the GR‐mediated effects of SN by using PBMCs. SN

was confirmed to regulate the translocation of GR in PBMC culture

system. SN alone seemed to stimulate the expression of GR in nucleus

(Figure 6a) and SN potentiated MP‐mediated moving of GR in cyto-

plasm of PBMC significantly (Figure 6b). All these findings in PBMCs

were consistent with the results obtained from Jurkat cells. According

to our best knowledge, it was the first time to report that N‐Me

morphinan alkaloid SN regulated GC receptor translocation in PBMCs

and Jurkat T cells. In our experiment, we also certified that GR

amounts in the nucleus of PBMCs was less abundant than that in-2
Jurkat T cells because the signals of GR bands in Figure 6a were much

weaker than those in Figure 3a and Figure 4a.

Low‐ to medium‐dose GC had been shown to have not only anti‐

inflammatory but also modifying properties in RA. However, numer-

ous fears about GC adverse events such as osteoporosis, glucose

intolerance, and cardiovascular disease had arisen in RA. In fact, these

serious side effects might be largely related to high‐dose GC treat-

ment (Santiago & da Silva, 2014). In contrast, two meta‐analysis

reports showed that SN alone or in combination with methotrexate

was widely used for treating RA in China with better clinical efficiency

and fewer adverse events (Chen, Huang, Huang, Chu, & Yan, 2015; Liu

et al., 2016). Due to the higher tolerability and safety combined with

the results of the present research, SN might be a proper agent to

maintain the low‐dose GC immunosuppressive efficacy and thus

decrease the incidence rate of GC adverse events.

In conclusion, our study provided strong evidence that plant‐

derived alkaloid SN potentiates the GC pharmacodynamics signifi-

cantly. However, the additional effect of SN had no relation to the-
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P‐gp mediated efflux function because P‐gp inhibitory function of SN

was not observed in PBMC culture system. To disclose the underlying

mechanism of SN actions, we found that SN itself regulates the GR

translocation in both Jurkat T cells and normal human PBMCs, and

the combination of SN and MP showed stronger GR‐modulatory activ-

ity. These effects of SN were suggested to be beneficial for treatment

of RA patients, and thus GC combined with SN would be an alterna-

tive and reasonable therapeutic approach for RA.
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ABSTRACT:This study is to compare the effect of ContactingNeedle Technique (CNT) and InsertionNeedle Technique (INT) 
on cardiovascular dynamics and Visual analogue scale (VAS) in patients with shoulder pain.A total of 11 patients (9 females, 
2males, average age 32.27 ) were recruited and divided into two groups (CNT group and INT group). The treatment was 
performed once a week and total of 4 weeks. The changes of cardiovascular circulation dynamics were detected at baseline, 
during the treatment and after the treatment. Pain was assessed before and after acupuncture therapy.There was significant 
difference on VAS within each group.There was not significant difference between the two groups on CO, SV, BPs, BPd and 
VAS, and had significant difference on PR (P<0.05). PR significantly decreased in both group, the rate of decrease was 
significantly higher in CNT group than that in INT group. 
 
Keywords: shoulder pain; acupuncture; ContactingNeedle Technique. 
 
 

1 INTRODUCTION 

 
Shoulder pain is the third most common 

musculoskeletal pain.[1]The annual prevalence of shoulder 
complain is reported to be between 41.2 and 48.4, and 
women are higher than that on men.[2]Shoulder pain is 
caused by several factors ， including physical, 
psychological, lifestyle and cognitive factors. [3]The 
patients with shoulder pain may show the chronic pain in 
shoulders and sometimes show the limited activity , and 
their daily life, spirituality and ability to work can also be 
affected, so their quality of life can substantially decrease .  

Treatment of shoulder pain generally involves life style 
changes, medications and surgery.In recent years, 
acupuncture is frequently used as complementary and 
alternative medicine  in the world. In 1996, World Health 
Organization (WHO)  gave 64 suitable diseases for 
acupuncture, chronic pain in the musculoskeletal system 
(neck, shoulder, spine, knee, etc.) was included[4].And 
both basic and clinical researches showed that acupuncture 
therapy was useful for many painful diseases, and also has 
been used more often to treat pain in clinical practice. The 
mechanism of acupuncture analgesia still not clear, 
however there were many researches demonstrated that 
acupuncture can increase the blood circulation[5], 
stimulate the nervous system and release neuropeptides[6]. 

But what we always mentioned about the acupuncture 
was InsertionNeedle Technique (INT) using stainless steel 
filiform needles.  ContactingNeedle Technique (CNT)  is 
one of the traditional Japanese acupuncture methods, 
which was developed by Bunkei Ono. It is considered to 
be much safer and well-tolerated than INT because the 
needles were not inserted but only settled on the 

acupuncture points. It focuses on the flow of Qi and entire 
condition of patients. The stimulation of CNT is not too 
strong but the curative effect is accurate.[7,8] 

Result from Chiu YJ‘s research suggested that 
acupuncture is effective in treating hypertension 
patients.[9] In healthy adults, acupuncture can also reduce 
the systolic blood pressure (SBP), heart rate (HR), and rate 
pressure products (RPP). Therefore acupuncture therapy 
can be effective in treating cardiovascular 
disorders[10].Thus it can be seen that numerous studies 
have shown that acupuncture may affect cardiovascular 
circulation dynamics[9], while INT is used in all of the 
studies. To our knowledge, there were no researches on the 
differences of the two methods(INT and CNT) on 
cardiovascular change.  

In this study, we tried to observe the different change of 
Visual Analogue Scale (VAS) and cardiovascular 
circulation dynamics between INT and CNT on patients 
with shoulder pain. 
 
2 MATERIALS AND METHODS  
 

2.1 Subjects 

A total of 11 patients who had shoulder pain without 
cardiovascular diseases were recruited in this study. All 
patients agreed to receive acupuncture treatment in the 
form of INT or CNT. The patients were divided into two 
groups (CNT group and INT group) according to the 
Kampo diagnosis. Five patients (four females, one male, 
mean age 35) received INT, and six patients(five females, 
one male,  mean age 30) received CNT. 

The study was approved by the ethical committee of 
Kanazawa University Hospital, and all patients gave 
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informed consent. The study was started in January 2017 
and completed in May 2017. 
 
2.2 Acupuncture therapy(INT) 

Acupuncture manipulations of CNT and INT were 
applied to LI 14,LI10,GB34,BL60（ both sides),  and 
acupuncture points are determined based on “WHO 
Standard Acupuncture Point Location in the Western 
Pacific Regions.  

After the patients had rested for 15minutes in both 
groups, they received acupuncture treatment for 3minutes. 
In CNT group, disposable sterile silver 
needles(0.16*24mm, Asahi JAPAN) were used and it was 
20seconds stimulation at per acupuncture points without 
insertion.In INT group,disposable stainless steel 
needles(0.18*40mm, Seirin JAPAN) were used. The 
needles were inserted into the skin and muscles to the 
depth of 10~15mm and retained for 3mins at per 
acupuncture points. 

The acupuncture therapy was once a week and for 4 
weeks (total of 4 treatments). Acupuncture was performed 
in all cases by the same acupuncturist. 
 
2.3 Outcome measurement 

The primary outcome was the change in the Visual 
Analogue Scale (VAS) score and cardiovascular 
circulation dynamics. 

Cardiovascular circulation dynamics were performed 
using the ClearSight system (Edwards Lifesciences Corp, 
Irvine, CA, USA) .The  ClearSight system is a device 
comprised of the EV1000 clinical platform and the 
ClearSight finger cuff[11], and used for measuring arterial 
blood pressure and cardiac output continuously and 
noninvasively through finger-cuffed 
technology.[12,13]The figure cuff of the ClearSight system 
was placed on the patient’s middle finger of right hand , 
and diastolic blood pressure(BPd) , systolic blood 
pressure(BPs) ,  cardiac output(CO) ,  pulse rate(PR) and 

stroke volume(SV) were measured. 
With the patient in the supine position for 15mins 

baseline measurement of Cardiovascular circulation 
dynamics was continued for 2mins period before 
acupuncture treatment, after that measurement continued 
for 3mins during treatment, and then measurement 
continued for 2mins after treatment. 

The shoulder pain was assessed before and after 
acupuncture therapy, using a Visual analogue scale (VAS) 
score. 
 
2.4 Statistical Analysis.  

Statistical analyses were performed using EZR(Easy 
R)[14] software (version 3.5.1) by a statistician blinded to 
the participant allocation. Demographic variables of the 
age, weight, height and body surface area (BSA) in each 
group were compared using two-sample independent t-test 
and for categorical variables(the sex) Chi-Square was used. 
Means ± standard deviation (SD) were used to represent 
data. Changes in BPd, BPs, CO, PR, SV in the two groups 
overtime were analyzed with a two factor repeated-
measures analysis of variance (ANOVA) with “treatment” 
(between INT and CNT) and “time” (before, during and 
after treatment). And a two-sample independent t-test was 
performed to compare the changes of VAS scores between 
the two groups.Then, a paired-samples t-test was 
performed to compare the changes of VAS scores within 
each group.  The level of significance was set at P < 0.05.  
 
3 RESULT 

 

3.1Demographic variables 
Participants’ demographic variables are presented in 

Table1. Eleven participants were involved in the study, 
two(18.18%) of the participants were male and 
nine(81.82%) were female. Age, height, weight, BSA and 
sex did not show significant differences among the two 
groups(P>0.05). 

 
Table 1.Characteristics of the participants(mean±SD) 

  n mean±SD F p-value 
Age(y) INT 5 35±10   

 CNT 6 30±8.36 0.267 0.618 
Height(cm) INT 5 162.8±6.53   

 CNT 6 158.83±7.52 0.274 0.614 
Weight(kg) INT 5 63.6±7.86   

 CNT 6 52.17±7.13 0.094 0.766 
BSA(m2) INT 5 1.68±0.13   

 CNT 6 1.52±0.12 0.07 0.798 
Sex INT 5 1M/4F   

 CNT 6 1M/5F  0.887 
INT: Insert needle therapy 
CNT: Contact needle therapy 
BSA: Body surface area 

 
3.2 The effect of INT and CNT on VAS 

VAS scores were all declined after treatment. In the INT 
group, VAS scores were significantly decreased after the 
third time and the fourth time treatment(P<0.05). In the 
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CNT group, VAS scores were significantly decreased after 
each time treatment(P<0.05). But there was not significant 
difference on the change of VAS scores among the two 

groups(P>0.05). The results are shown in Table 2. and 
Fig.1. 

 

Table 2.Mean VAS scores of the two groups before and after each treatment(mean±SD) 
  Therapy1 Therapy2 Therapy3 Therapy4 
INT pre-stim 66.8±10.62 73.6±13.58 68.8±19.74 70.0±18.07 
 post-stim 57.6±16.06 51.4±26.32 52.6±26.67* 49.6±27.91* 
 change 9.2±9.18 22.2±24.06 16.2±12.91 22.2±24.07 
CNT pre-stim 62.83±12.78 55.67±27.23 50.67±28.15 56.67±22.61 
 post-stim 38.67±24.36* 34.5±20.77* 31.83±19.74* 32.83±20.93* 
 change 24.17±13.92 21.17±18.56 18.83±12.86 23.83±7.88 
Pre-stim: At the end of pre-stimulation period of 15min rest(for 2mins). 
Post-stim: 5 min after the stimulation period(for 2mins).  
Change=pre-post 
*:P<0.05, compare with pre-stim 

 

 
Fig.1.The change of Visual Analogue Scale (VAS) before 
and after acupuncture treatment. D-value of pre-stim and 
Post-stim were used to represent data 

 
3.3 The effect of INT and CNT on cardiovascular 

circulation dynamics. 

Cardiovascular circulation dynamics parameters 
generated by the EV1000 before, during and after 
treatment are shown in Table3. 

There was not significant difference between CNT 
group and INT group on CO, SV, BPs and BPd, and had 
significant difference on PR (P<0.05).  

The result of CO was presented in Fig.2 and Table 3.The 
CO decreased during the treatment and then slightly rise 
after treatment in both group, but there was not statistically 
significant among the two groups(P>0.05). 

 

 
Fig.2.The change of CO before, during and after the two 

kinds of manipulations. Let the baseline(before) equal 1, 
during/baseline, and after/baseline were used to represent 
data 

 
The result of SV was presented in Fig.3. and Table 

3.The SV slightly decreased after treatment in both group, 
and also showed no significant difference between the two 
groups(P>0.05). 
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Fig.3.The change of SV before, during and after the two 

kinds of manipulations. Let the baseline(before) equal 1, 
during/baseline, and after/baseline were used to represent 
data 
 

The result of PR was presented in Fig. 4 and Table 
3.The PR significantly decreased in both group, the rate of 
decrease was significantly higher in CNT group(from 
63.29+/-7.7 to 59.25+/-6.29) than that in INT group(from 
70.10+/-13.95 to 68.20+/-11.65)(P<0.05), and the rate of 
decrease during treatment was significantly higher than 
that of after treatment in CNT group than that in INT 
group. 

 

 
Fig.4.The change of PR before, during and after the two 

kinds of manipulations. Let the baseline(before)equal 1, 
during/baseline, and after/baseline were used to represent 
data 
 

The BPs and BPd slightly changed during treatment and 
then increased. But no statistically significant differences 
in BPs and BPd during and after treatment between the 
two groups were observed(Fig.5.6, Table 3). 

 

 
Fig.5.The change of BPs before, during and after the 

two kinds of manipulations. Let the baseline(before) equal 
1, during/baseline, and after/baseline were used to 
represent data 

 
 

 
Fig.6.The change of BPd before, during and after the 

two kinds of manipulations. Let the baseline(before) equal 
1, during/baseline, and after/baseline were used to 
represent data 

 
Table 3.Mean values of CO, SV, PR, BPs and BPd throughout the treatment(mean±SD) 

  Pre-stim During-stim Post-stim 
CO(L/min) INT 6.81±0.80 6.45±0.65 6.51±0.65 
 CNT 5.82±1.04 5.43±0.85 5.65±0.88 
SV(ml/b) INT 98.85±13.03 97.45±12.89 97.30±13.32 
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 CNT 92.08±9.71 91.79±9.69 91.08±8.23 
PR(bpm) INT 70.10±13.95 68.20±11.65 69.00±12.10 
 CNT 63.29±7.70 59.25±6.29 62.04±7.09 
BPs(mmHg) INT 112.55±14.46 111.2±13.16 112.95±12.81 
 CNT 107.70±7.40 107.46±7.74 108.50±7.31 
BPd(mmHg) INT 62.75±6.53 62.75±5.97 63.60±5.56 
 CNT 59.79±4.75 58.46±4.51 59.96±4.16 

Pre-stim: At the end of pre-stimulation period of 15min rest(for 2mins). 
During-stim: The whole stimulation period(for 3mins). 
Post-stim: 5 min after the stimulation period(for 2mins).  

 
4DISCUSSION 

 
In this study, significantly improvement of pain was 

found in both group after acupuncture treatment. The 
acupuncture analgesic effect towards shoulder pain 
subjects has been confirmed by many previous 
researches[15,16]. Although  the mechanism of 
acupuncture analgesic has not been schematized, it is clear 
that it comes with the stimulation of nervous system, 
immune system, the release of neurotransmitters and 
hormones. The acupuncture analgesic effect is an 
explaination for “acupuncture is a small stimulation can 
induce large response”[17]. As for the theory of traditional 
Japanese medicine, Qi and blood are two vital materials of 
life, Qi flowing throughout the body day and night, when 
the Qi is blocked diseases will appear.Acupuncture is a 
treatment method that can regulate the flow of Qi, and the 
Qi will circulate the blood, which is known as ”Qi 
promoting blood circulation”,    

In this research, we found that VAS score of CNT group 
significantly decreased from the first time treatment, but in 
INT group it was significantly decreased from the third 
time, it seems that the analgesic effect of CNT is faster 
than the INT. In our opinions, when those patients who 
never or rarely received acupuncture treatment receive 
INT for the first time they may feel nervous, on the 
contrary, they may be relaxed about CNT.It is emphasized 
in The Yellow Emperor's Inner Classic（Huangdineijing）
“When treat with acupuncture, the acupuncturists should 
take care of the patients’ spirit first”. 

Analyses of PR, significantly decreased in both group. 
Similar results were reported by many previous 
researches(involving both healthy subjects and patients), 
shown that acupuncture may be able to change the balance 
of autonomic nervous system, reduce PR[18-22]. At the 
same time, there are also various views concerning the 
mechanism of the PR reduction by acupuncture treatment. 
Some researches indicated that the accentuation of 
parasympathetic activity playing a role in acupuncture 
treatment[18]; while other researches indicated that both 
accentuation of parasympathetic activity and suppression 
of sympathetic activity playing a role in 
acupuncturetreatment[19,20]. According to the report of 
Kazushi Nishijo et al[19] the decreased response of heart 
rate following acupuncture was blocked by administration 
of atropine and propranolol, indicating that the increase in 
cardiac vagal activity and decrease in cardiac sympathetic 
activity contributed to the response of decrease in heart 

rate during acupuncture[18]. So it is already known that 
acupuncture treatment may induce transitory induction in 
pulse/heart rate. And the change of sympathetic nerve and 
parasympathetic nerve(cardiac vagal) are also aroused by 
the acupuncture treatment.  

However, the above findings are based on observations 
in INT subjects. This study also investigated a larger 
reduction in PR in the CNT group during treatment.  The 
mechanism of CNT has not been clarified, but it does have 
definite effect[7,8], in our previous research we found that 
CNT can improve peripheral blood flow[8], and it is an 
effective method to treat CIPN. For clarify the mechanism 
of the PR reduction of CNT, in future study we should 
focus on the change of nervous system of CNT using 
participants. 

In this research, the CO, SV and BP has slightly 
changed in both groups, and did not show significant 
changes among the two groups, which shows the influence 
of the two manipulations in subjects without 
cardiovascular diseases is extremely slight,therefore the 
two kinds of manipulations are similarly safe. And we also 
found that the analgesic effect of CNT is faster than INT. 
The CNT, using the acupuncture needles without inserting 
into the skin, patients will feel relaxed and acceptable, also 
can reduce the risk of infection, so CNT might be 
considered to be one of the effective treatment methods 
and may be safer and well-tolerated than INT.  

We think that there are also three main limitations of 
this study : no randomised methods, small sample size and 
no blank control group .For the sake of patients’ health, we 
did not use the random methods, the division of 
participants was according to the Kampo diagnosis, it must 
have clear limitations. And we recruited 11 subjects into 
two groups in this study, the sample size in each group was 
small, the results might change if we recruited more 
subjects. Furthermore, we did not use a blank control 
group, so we do not know if these changes will also be 
seen when we do nothing in participants. However, the 
results of this study are similar with the results of the 
previous studies. In addition, this study shows that the 
CNT is an effective and safe therapeutic method in the 
treatment of shoulder pain, and may be useful for the 
future study in patients with cardiovascular diseases. 
 
5 CONCLUSION 

 
In conclusion, the main findings from this study were 

that INT and CNT both can relieve the pain of shoulder 
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pain patients, and the analgesic effect of CNT maybe faster 
than INT; the two methods can induce transitory reduction 
in heart/pulse rate, and the change of CNT during the 
treatment is significantly higher than that of INT. CNT is 
one of the effective treatment methods and may be safer 
than INT. 
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Purpose: Strain measurement is frequently used to assess myocardial motion in cardiac 

imaging. This study aimed to apply strain measurement to pulmonary motion observed by 

four-dimensional dynamic-ventilation computed tomography (CT) and to clarify motion 

abnormality in COPD.

Materials and methods: Thirty-two smokers, including ten with COPD, underwent dynamic-

ventilation CT during spontaneous breathing. CT data were continuously reconstructed every 

0.5 seconds. In the series of images obtained by dynamic-ventilation CT, five expiratory frames 

were identified starting from the peak inspiratory frame (first expiratory frame) and ending 

with the fifth expiratory frame. Strain measurement of the scanned lung was performed using 

research software that was originally developed for cardiac strain measurement and modified 

for assessing deformation of the lung. The measured strain values were divided by the change 

in mean lung density to adjust for the degree of expiration. Spearman’s rank correlation analy-

sis was used to evaluate associations between the adjusted strain measurements and various 

spirometric values.

Results: The adjusted strain measurement was negatively correlated with FEV
1
/FVC (ρ=-0.52, 

P,0.01), maximum mid-expiratory flow (ρ=-0.59, P,0.001), and peak expiratory flow 

(ρ=-0.48, P,0.01), suggesting that abnormal deformation of lung motion is related to various 

patterns of expiratory airflow limitation.

Conclusion: Abnormal deformation of lung motion exists in COPD patients and can be quan-

titatively assessed by strain measurement using dynamic-ventilation CT. This technique can 

be expanded to dynamic-ventilation CT in patients with various lung and airway diseases that 

cause abnormal pulmonary motion.

Keywords: COPD, computed tomography, CT, dynamic-ventilation CT, strain measurement, 

emphysema

Introduction
Strain analysis, which can express deformation of a tissue or organ in the human body, 

has been mainly used to assess myocardial motion using various four-dimensional 

(4D) imaging modalities, including echocardiography, magnetic resonance imaging 

(MRI), and computed tomography (CT).1–11 Although various parameters based on 

strain measurements have been advocated by different software vendors, it is com-

monly accepted in the field of cardiology that strain is a sensitive parameter to assess 

regional function of the myocardium.4–11 It has also been reported that strain measure-

ments reveal minor left ventricular modifications in athletes with common anomalies 

(ie, bicuspid aortic valve),3 which might be masked by apparently normal values of 

Correspondence: Tsuneo Yamashiro
Department of Radiology, Graduate 
School of Medical Science, University 
of the Ryukyus, 207 Uehara, Nishihara, 
Okinawa 903-0215, Japan
Tel +81 98 895 1162
Fax +81 98 895 1420
Email clatsune@yahoo.co.jp 

Journal name: International Journal of COPD
Article Designation: Original Research
Year: 2019
Volume: 14
Running head verso: Xu et al
Running head recto: Strain values on 4D-dynamic ventilation-CT
DOI: 183740

-257-

https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/COPD.S183740
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:clatsune@yahoo.co.jp


International Journal of COPD 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

66

Xu et al

global cardiac function parameters, such as ejection fraction 

and stroke volume.12,13

In cardiology, a higher value of myocardial strain 

observed on MRI or echocardiography usually indicates 

better myocardial movement, because strong systolic–

diastolic movements result in large deformation of the mea-

sured myocardium. However, it has also been shown that 

myocardial strain is heterogeneous in patients with dilated 

cardiomyopathy, suggesting heterogeneity of myocardial 

contractile function.5 Joseph et al presented color contour 

maps based on MRI strain measurements in patients with 

dilated cardiomyopathy and concluded that myocardial 

systolic strain has a heterogeneous regional distribution.5

In patients with COPD, the destruction of normal “mesh-

like” structures of pulmonary tissue results in pulmonary 

emphysema and leads to a reduction of lung compliance, 

causing inhomogeneous transmission of lung motion during 

the respiratory cycle.14 Furthermore, the heterogeneous dis-

tribution of emphysematous changes and airway diseases 

also intensify the heterogeneity of lung movement during 

ventilation,15–17 which has been clearly confirmed in recent 

studies using 4D dynamic-ventilation CT and other imaging 

techniques.18–20 These recent studies have demonstrated the 

existence of asynchrony between the right and left lungs, 

between the proximal airways and lung, and among different 

lung lobes. However, to the best of our knowledge, there is 

no published information on motion abnormality of the entire 

scanned lung. Considering the similar physiologic character-

istics of the lungs and heart (both show cyclic movements and 

changes in volume), we hypothesized that the quantitative 

strain measurement used in cardiology could be transferred 

to pulmonary 4D-CT imaging and generate new knowledge 

on normal and abnormal respiratory movements of the lungs. 

Also, we predicted that heterogeneity of lung motion, which 

would be similar to strain heterogeneity in dilated cardiomyo-

pathy, can be demonstrated as abnormal deformation, or a 

high strain value in the targeted portion of the lungs.

Thus, the goals of this study were the following: 1) to 

first measure lung strain using 4D dynamic-ventilation CT, 

2) to clarify abnormal deformation of lung motion by strain 

measurement, and 3) to assess correlations between strain 

and COPD severity.

Materials and methods
The Institutional Review Board at Ohara General Hospital 

approved this retrospective study. Based on the national guide-

line of the Japanese Government, the Institutional Review 

Board at Ohara General Hospital waived written informed 

consent from enrolled patients for this study. Dynamic-

ventilation CT and spirometry were performed as part of 

routine clinical care at Ohara Medical Center (part of Ohara 

General Hospital). This study was also part of the Area-

detector Computed Tomography for the Investigation of 

Thoracic Diseases (ACTIve) Study, a multicenter research 

alliance in Japan. Also, the subjects’ data utilized in this 

study were previously analyzed with a different objective 

for other research.20

Subjects
Thirty-two smokers (4 females and 28 males; mean age 

70±12 years) underwent both spirometry and chest CT 

(conventional and dynamic-ventilatory scans) at Ohara 

Medical Center. As the same patients were previously 

analyzed with a different objective,20 the detailed infor-

mation regarding the study population is described in the 

Supplementary material. Patient data analyzed in this study, 

such as CT scans and clinical information, were anonymized 

and maintained with strict confidentiality.

CT scanning
All patients were scanned with a 320-row MDCT scanner 

(Aquilion ONE, Canon Medical Systems, Otawara, Tochigi, 

Japan) for both conventional (static) and dynamic-ventilatory 

scans. The detailed information regarding the CT scanning 

is described in the Supplementary material.

Image analysis – lung density measurement 
on dynamic-ventilation CT
Using commercially available software (Lung Volume 

Measurement, Canon Medical Systems), the mean lung 

density (MLD) of the scanned lung (,160 mm in the Z-axis) 

was measured automatically in each frame. On the time curve 

of MLD, the peak inspiratory frame (= first expiratory frame) 

was defined as the lowest MLD on the curve. The expiratory 

phase was defined as the frames starting from the peak inspira-

tory frame (first expiratory frame), and the MLD values for the 

first to fifth expiratory frames were obtained for this study.

Image analysis – strain measurement on 
dynamic-ventilation CT
Strain measurement on the dynamic-ventilation CT was 

performed using in-house research software installed in a 

commercially available workstation for 4D-CT analysis 

(PhyZiodynamics, Ziosoft, Tokyo, Japan). In brief, the 

software measured the “maximum principal strain” values 

(Figure 1), which were originally used in cardiac imaging 
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but newly modified to assess lung motion. Using the motion 

coherence algorithm, dynamic-ventilation CT data could 

be analyzed at any given point in the imaging space using 

image matching and model matching algorithms that produce 

the matrix of the motion vectors. Maximum principal strain 

was calculated directly at the composition/interpolation 

stage, based on the motion vector at any point in the space. 

The maximum principal strain was calculated at the points 

in the space during ventilation, based on expansion of the 

principal direction from the starting (standard) frame (first 

expiratory frame = peak inspiratory frame) to the second to 

fifth expiratory frames. Figure 2 shows an example of a serial 

change in the maximum principal strain in each frame of the 

expiratory phase. The software automatically excluded the 

upper and lower marginal zones that were not included in the 

scanning field during inspiration, even if they were included 

during expiration.

Strain values for the second to fifth expiratory frames 

were divided by the changes in MLD between the first and 

second to fifth frames to adjust each strain value by the degree 

of expiration. Finally, adjusted strain values for the second 

to fifth frames were summed to express the total strain mea-

surement during expiration. The sum of the adjusted strain 

values could be considered to express abnormal deformation 

of lung motion, which was discriminated from physiologic 

deformation in lung areas with normal exhalation.

Figure 1 Illustrations for the concept of “principal strain”. 
Notes: The maximum principal strain is calculated based on expansion of the principal direction (L) from the starting (standard) point (phase 1) to the measured point 
(phase N). LN at phase N becomes large when the original sphere changes its shape strongly at phase N.

Figure 2 Example of serial changes in strain maps in a patient with COPD. 
Note: From the first expiratory frame (left, the peak inspiratory frame) to the fifth expiratory frame, high strain values are observed as red areas, which are different from 
the gravity-dependent dorsal areas.
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Table 1 Clinical characteristics of 32 subjects

Characteristics Mean ± SD (Range)

Gender (female:male) (4:28) –
Age (years) 70±12 (36–84)
Smoking index (pack-years) 46±21 (2–100)
Smoking status (ex-smoker: 
current smoker)

(16:16) –

FEV1 (L) 2.20±0.93 (0.54–4.07)
FEV1/FVC 0.73±0.12 (0.41–0.92)
MMFR (L/s) 1.84±1.21 (0.28–4.97)
PEF (L) 5.23±2.67 (1.35–10.5)

Abbreviations: MMFR, maximum mid-expiratory flow rate; PEF, peak expiratory 
flow.

Table 2 Correlations between CT measurements and spirometric values

CT measurement Mean ± SD 
(range)

Correlation coefficients (ρ)

FEV1 FEV1/FVC MMFR PEF

Dynamic-ventilation CT          
MLD at the first expiratory frame -871.0±37.3

(-949.6 to -812.9)
0.45
(P,0.01)

0.59
(P,0.001)

0.57
(P,0.001)

0.53
(P,0.01)

MLD at the fifth expiratory frame -821.5±55.8
(-938.7 to -729.8)

0.48
(P,0.01)

0.75
(P,0.0001)

0.67
(P,0.001)

0.57
(P,0.001)

Adjusted strain measurement 24.7±18.0
(5.9 to 72.6)

-0.55
(P,0.01)

-0.52
(P,0.01)

-0.59
(P,0.001)

-0.48
(P,0.01)

Helical CT          
LAV% 10.8±14.8

(0 to 52.0)
-0.33
(NS)

-0.73
(P,0.0001)

-0.57
(P,0.001)

-0.38
(P,0.05)

Note: The first expiratory frame is the same as the peak inspiratory frame.
Abbreviations: LAV%, percent low attenuation volume (, -950 Hounsfield units); MLD, mean lung density; MMFR, maximum mid-expiratory flow rate; NS, not significant; 
PEF, peak expiratory flow.

Image analysis – emphysema 
measurement by conventional chest CT
Based on the data of the helical CT scans, an emphysema 

measurement was performed using the same software for 

the MLD measurement (Lung Volume Measurement, Canon 

Medical Systems). The percent low attenuation volume 

(LAV%, , -950 Hounsfield units [HU]) of the whole lung 

was automatically measured.

Spirometry
All subjects performed spirometry, including FEV

1
 and 

FVC, maximum mid-expiratory flow rate (MMFR), and 

peak expiratory flow (PEF), according to American Thoracic 

Society standards.21 The spirometric values from the study 

participants are shown in Table 1. Spirometry was performed 

within 2 weeks of the chest CT.

Statistical analysis
Data are expressed as mean ± SD. Spearman’s rank correla-

tion analysis was used to evaluate the associations among 

the CT indices or between the CT indices and the spirometric 

values. A P-value of ,0.05 was considered significant. All 

statistical analyses were performed using JMP 12.0 software 

(SAS Institute Inc., Cary, NC, USA).

Results
MLD measurement on dynamic-
ventilation CT and emphysema index on 
conventional CT
Based on dynamic-ventilation CT, the mean MLD values 

were -871.0±37.3 and -821.5±55.8 HU for the first and 

fifth expiratory frames, respectively. The MLD values for 

the first and fifth expiratory frame demonstrated positive 

correlations with all spirometric values; the MLD at the fifth 

expiratory frame demonstrated a stronger correlation with 

FEV
1
/FVC (ρ=0.75, P,0.0001) compared to the MLD at 

the first expiratory frame (Table 2). Based on helical CT 

for the whole lung, the mean LAV% (emphysema index) 

was 10.8%±14.8% and correlated with multiple spirometric 

values except for FEV
1
 (Table 2).

Strain measurement on dynamic-
ventilation CT
The mean adjusted strain for expiration was 24.7±18.0 (range, 

5.9–72.6). Generally, higher strain values were observed 

in patients with lower spirometric values, and negative 

correlations were found between strain and all spirometric 

values (ρ=-0.48 to -0.59, P,0.01) (Table 2) (Figures 3 

and 4, Movies S1 and S2). This implies that homogeneous 

lung motion would be limited and lost in patients with 

more severe COPD. Particularly, the correlation coefficient 

between adjusted strain and the maximum mid-expiratory 
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Figure 3 Strain mapping of a non-COPD smoker (during expiration, 39-year-old 
male, FEV1/FVC =0.92). 
Note: During expiration, high strain values (red areas) are observed just above the 
diaphragm and around interlobar fissures, suggesting that deformation of the lung 
would be physiologic due to normal expiration.

Figure 4 Strain mapping of a severe COPD patient (during expiration, 70-year-old 
male, FEV1/FVC =0.41).
Note: Compared with a non-COPD smoker (Figure 3), high strain areas (red areas) 
are scattered in the lungs, suggesting that these deformations are abnormal and 
caused by COPD.

airflow was slightly higher (ρ=-0.59, P,0.001) than those 

with other spirometric values.

Discussion
In this study, we applied quantitative strain measurement to 

4D dynamic-ventilation CT images and found the following: 

1) the strain measurement adjusted by the degree of expiration 

can be used for assessment of abnormal lung deformation 

during ventilation and 2) the adjusted strain measurement 

demonstrates negative correlations with several spirometric 

values. These observations suggest that abnormal pulmonary 

deformation by ventilation can be expressed by abnormally 

high strain values, and strain analysis can provide quantita-

tive information that may reflect uneven, heterogeneous 

lung movement in various pulmonary and airway diseases. 

We currently believe that early heterogeneous changes in 

lung motion can be detected by abnormally high strain values 

in patients with various diseases, such as bronchiectasis, 

non-tuberculosis mycobacteria, and interstitial lung diseases, 

which may precede clinical symptoms or abnormalities found 

by other conventional lung function tests.

Strain measurement has been widely used in cardiology 

for describing multidimensional deformations or underlying 

structural changes of muscular fibers, observed by various 

modalities (such as MRI, CT, and echocardiography).1–13 

Generally, as the normal myocardium contracts in systole 

and expands in diastole, high strain values are observed 

in the normal parts of the heart. In contrast to the normal 

myocardium, ischemic myocardium or scarred cardiac 

segments do not contract as well, causing heterogeneous 

deformation and abnormally low strain values.22 In addition, 

tethering effects of segments adjacent to area of myocardial 

infarction also cause an abnormal deformation pattern.23,24 

Thus, quantitative strain measurement can be used to detect 

regional myocardial dysfunction in patients with ischemic 

heart disease, cardiomyopathies, hypertension, and valvular 

disease.25 Furthermore, strain analysis has been explored to 

evaluate heterogeneity of myocardial contractile function in 

patients with dilated cardiomyopathy. Three-dimensional 

color contour maps based on strain values using MRI 

accurately visualize heterogeneous contraction in patients 

with dilated cardiomyopathy.5 In other words, in the field of 

cardiology, strain measurement should be “uniformly high” 

throughout the myocardium and reduced or heterogeneous 

strain values imply underlying myocardial dysfunction by 

various diseases.26

In the current study, we attempted to introduce strain mea-

surement to 4D dynamic-ventilation CT during free breathing. 

As strain values express deformation of targeted structures, 

we expected that two different types of deformation must 

have existed in the lung: normal deformation of the lung due 

to inhalation/exhalation and abnormal regional deformation 

caused by heterogeneous ventilation due to COPD (emphy-

sema and airway disease). Normal deformation of the lung 

would appear at lung areas with large respiratory movements, 

such as the lung bottom adjacent to the diaphragm and the 

dorsal part of the lung in the supine position (Figure 3). In 

contrast, abnormal deformation may be observed throughout 

the lung without any specific locations, because this abnormal 

deformation is caused by heterogeneous ventilation or partial 

air-trapping due to emphysema and airway disease of COPD 

(Figure 4). To distinguish these two different deformation 

patterns, we adjusted measured strain values by the degree 

of expiration in this study. The changes in MLD between the 

first and the second to fifth respiratory frames indicate the 
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magnitude of exhalation during the expiratory phase. Even if 

large deformation occurs by deep (sufficient) expiration in a 

relatively healthy subject, the high strain values are adjusted 

by large changes in MLD. In contrast, the value of strain 

itself may be intermediate in patients with severe COPD 

without large expiratory movements, but the adjusted strain 

value may be quite large because of small changes in MLD 

(insufficient expiration) due to limited airflow. Using this 

method, we successfully extracted “abnormal” deformation 

of the lung, which was expressed as the adjusted strain value, 

and this should be closely associated with heterogeneous 

lung movements.

The mechanical properties of the lung tissue are mainly 

determined by collagen and elastic fibers, demonstrating 

viscoelastic behavior during deflation and inflation.15 Nor-

mally, the stresses under constant ventilation are homoge-

neously transmitted throughout the entire lung.27 However, 

in COPD patients, in addition to loss of pulmonary elastic 

recoil, heterogeneous distribution of pulmonary emphysema 

and abnormalities of thoracic structures (such as narrowed/

collapsed airways and the flattened diaphragm) must result 

in asynchronous transmission of physical stress in the lung 

during ventilation, which causes heterogeneous pulmonary 

movement. Although heterogeneity or asynchrony of lung/

airway motion has been reported in COPD patients,17–20 this is 

the first study to quantitatively assess abnormal deformation 

in the entire scanned lung using strain measurement.

Interestingly, in the current study, adjusted strain was 

negatively correlated with FEV
1
, FEV

1
/FVC, MMFR, and 

PEF. Although the strength of the correlations was intermedi-

ate, these correlations suggest that pulmonary motion hetero-

geneity may be caused by various patterns, such as proximal 

airway disease, small airway disease, and lung parenchymal 

abnormalities. Thus, it should be possible to expand strain 

measurement by dynamic-ventilation CT to other lung/airway 

diseases, such as asthma, cystic fibrosis, or even diffuse lung 

disease, which have not been a target of quantitative motion 

analysis of the lung and airways. Currently, several different 

approaches have been described using novel CT techniques to 

measure respiratory changes in lung volume and the emphy-

sema index. These new approaches, including our approach 

of dynamic-ventilation CT, should generate new information 

on the pathophysiology of various lung diseases.28

There were several limitations of the present study. First, 

a limited number of subjects were enrolled. These preliminary 

results should be reproduced with a larger cohort. Second, MLD 

and adjusted strain were calculated from part of the lung on 4D 

dynamic-ventilation CT due to the limited scan length in the Z-axis 

(#160 mm). Thus, selection bias of the lung location would have 

influenced the strain measurements. Third, the adjusted strain 

measurements were extracted from the expiratory phase only. As 

it is known that CT indices at the expiratory phase show higher 

correlations than at the inspiratory phase,29 we focused on the 

expiratory phase only. However, strain measurements during 

inspiration may provide additional insight into pulmonary physi-

ology, and these measurements shown be performed in future 

studies. Fourth, several patients enrolled in the current study had 

resectable thoracic neoplasms. Although no patient had a large 

mass invading the chest wall or proximal airways, the presence of 

thoracic tumor may have influenced the strain measurement. Fifth, 

other coexisting diseases caused by smoking, such as chronic 

bronchitis or slight interstitial changes, may have influenced the 

strain measurement. Ideally, healthy subjects without a smoking 

history should have been enrolled as a control group to assess the 

normal respiratory deformation of the lung.

In conclusion, strain analysis using 4D dynamic- 

ventilation CT is feasible to quantify the abnormal deforma-

tion of lung motion in patients with COPD. This technique 

can be expanded to various lung and airways diseases, in a 

manner that is similar to cardiac imaging.
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Rationale and Objectives: This study aimed to determine the correlation between intravoxel incoherent
motion (IVIM) and multiphase dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
quantitative parameters in patients with rectal cancer.

Materials and Methods: Ninety-seven patients with rectal cancer were included in this study. All
pelvic MRI examinations were performed in a 3.0 T MR unit, including diffusion-weighted imaging
with 16 b values, DCE-MRI with two different flip angles (5° and 10°, respectively), and T1-fast field
echo sequences as the reference. The IVIM perfusion-related parameters (f, perfusion fraction; D*,
pseudo-diffusion coefficient; f¢D*, the multiplication of the two parameters) were calculated by
biexponential analysis. Quantitative DCE-MRI parameters were transfer constant (Ktrans) between
blood plasma and extravascular extracellular space), Kep (rate between extravascular extracellular
space and blood plasma), Ve (extravascular volume fraction), Vp (plasma volume fraction), and
area under the gadolinium concentration curve. Interobserver agreements were evaluated using
the intraclass correlation coefficient and Bland�Altman analysis. A p value <0.05 indicated a
statistically significant difference.

Results: The study included 75 males and 22 females with a median age of 58.8 years (range,
26�85years). Interobserver reproducibility for IVIM perfusion-related parameters and DCE-MRI quanti-
tative parameters was good to excellent (intraclass correlation coefficient = 0.8618�0.9181, intraclass
correlation coefficient = 0.7826�0.9088, respectively). Moderate correlations were found between f¢D*
and Ktrans (r = 0.533; p < 0.001), and relatively weak correlations between D* and Ktrans (r = 0.389; p <

0.001), D* and Vp (r = 0.442; p < 0.001), f¢D* and Vp (r = 0.466; p < 0.001), and f and Vp (r = ¡0.234;
p = 0.021).
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Conclusion: IVIM perfusion-related parameters, especially f¢D*, demonstrated moderate correlations
with DCE-MRI quantitative parameters in rectal cancer.
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INTRODUCTION
T umor angiogenesis plays a vital role in tumor growth
and progressively invasion, and evaluation of tumor
angiogenesis activity is quite helpful for diagnosis,

prognostic evaluation, and therapeutic monitoring of rectal
cancer (1�2). T1-weighted dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) is a well-estab-
lished technique used to map quantitative perfusion and per-
meability parameters, which indirectly reflect tumor
microcirculation. It has been proved that perfusion parame-
ters of DCE-MRI correlated with tumor angiogenesis and
molecular markers in rectal cancer (3�7). Previous clinical
studies (8�10) also demonstrated the potential value of
DCE-MRI in monitoring treatment response of rectal cancer
to neoadjuvant chemoradiation. However, DCE-MRI could
not provide perfusion information without the injection of
intravenous contrast media, which was a dilemma, particularly
in patients with renal insufficiency or individuals with severe
allergies to intravenous gadolinium-based contrast media.

Intravoxel incoherent motion diffusion-weighted imag-
ing (IVIM-DWI) (11) is another attractive functional MRI
technique that provides parameters reflecting tissue perfu-
sion without intravenous contrast injection. IVIM-DWI
consists of a series of diffusion-weighted acquisitions with
a wide range of b values, subsequently, allowing for simul-
taneous acquisition of both microcirculatory and diffusiv-
ity information. Furthermore, Le Bihan and Turner
(12,13) provided the equations that linked perfusion-
related IVIM parameters and conventional perfusion
parameters in the brain, stating that theoretical relation-
ships existed between f and blood volume, D* and mean
transit time, and flow-related parameters and blood flow.
Therefore, IVIM perfusion-related parameters were
assumed to be theoretically associated with DCE-MRI
parameters. If perfusion information of rectal cancer can be
evaluated using IVIM-DWI, then IVIM-DWI may possi-
bly serve as a surrogate for DCE-MRI to some degree,
eventually bringing down the need for contrast agent
injection.
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Although the potential ability of IVIM-DWI parameters in
probing tumor microcirculation is fascinating, no clear relationships
between perfusion-related IVIM parameters and DCE-MRI
quantitative parameters in rectal cancers have been reported.

Therefore, this study aimed to evaluate the relationship
between perfusion-related IVIM parameters and DCE-MRI
quantitative parameters in patients with rectal cancer, and to
explore the possibility of noninvasively evaluating tumor per-
fusion using DWI in the future.
MATERIALS ANDMETHOD

Patients

This retrospective study was approved by the ethics commit-
tee of the hospital, and written informed consent was
obtained in all cases.

Totally, 152 consecutive patients with biopsy-proven rec-
tal cancers, waiting to undergo initial staging investigations,
were recruited. After imaging examinations (including
MRI), although surgery was performed in all patients, the
other therapy procedures including chemoradiation therapy
were individually tailored.

However, patients who met any of the following criteria were
excluded from the late evaluation: (1) prior rectal surgery (rectal
cancer resection [n = 2], polypectomy [n= 1], anal fistulectomy
[n=1], and rectal prolapse surgery [n=1]); (2) pre-examination
chemoradiation therapy (n=20) or unidentified herbal medicine
therapy (n=7); (3) poor image quality (heavy intestinal peristalsis
or heavy susceptibility artifacts [n=5], too small lesion [diameter
<5 mm], or difficult to identify on images [n=6]); and (4) mucin-
ous adenocarcinoma (n=12). Finally, 97 patients (75 men and 22
women; mean age, 58.8 years; age range, 26�85 years) were
enrolled in the final analysis. Selected patient and tumor charac-
teristics are shown in Table 1.
MRI Examination

Patients had low-residue diet before examination and fasted
on the day of examination. Intramuscular injection of 10 mg
iated Hospital from ClinicalKey.jp by Elsevier on January 28, 2019.
. Copyright ©2019. Elsevier Inc. All rights reserved.
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TABLE 1. Patient and Tumor Characteristics

Characteristic No.

Patient number 97
Age (year)
Mean (range) 58.8 (26�85)

Sex (M/F) 75/22
Tumor length (cm) 4.06 § 1.75
Radiologic T stage
T1�2 30 (30.93%)
T3 55 (56.70%)
T4 12 (12.37%)

Tumor location (distance from the anal verge)
Upper (>10 cm) 15 (15.46%)
Middle (5�10 cm) 40 (41.24%)
Lower (<5 cm) 42 (43.30%)
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anisodamine hydrochloride was given to each patient to
inhibit intestinal peristalsis. The patients had to lie on the
table without moving to minimize the possible motion arti-
facts or deformation introduced during the examination.
Pelvic MRI scanning was implemented on a 3T whole-

body scanner (Ingenia, Philips Medical Systems, Best, the
Netherlands) with a gradient strength 45 mT/m and a gradi-
ent switching rate 200 mT/(m�ms), using a 16-channel ante-
rior torso dS coil and a 16-channel posterior table dS coil. 2D
Sagittal and coronal T2-weighted turbo spin echo sequences
were performed with the following parameters: repetition
time (TR) 4347 ms, echo time (TE) 102 ms, Echo-train
length 21, field of view (FOV) 24£ 24 cm2, slice thickness
4 mm with 0.4-mm gap, acquisition matrix 336£ 246, and
number of signals averaged (NSA) 1. A 2D oblique axial T2-
weighted turbo spin echo sequence was planned perpendicu-
larly to the tumor axis using the following parameters: TR
4522 ms, TE 102 ms, FOV 18£ 18 cm2, slice thickness
3.5 mm with 0.35-mm gap, and acquisition matrix
300£ 296.
Oblique axial IVIM�MRI scan was performed using a sin-

gle-shot echo-planar imaging pulse sequence in free breath-
ing with the following parameters: TE/TR 76/4000 ms,
FOV 40£ 32 cm2, slice thickness 6 mm with 0.6-mm gap,
acquisition matrix 160£ 102, echo-planar imaging (EPI) fac-
tor 35, bandwidth 3113.1, number of slices 20, fat saturation
technique SPectral Attenuated Inversion Recovery and 16 b
values (0, 10, 20, 30, 40, 60, 80, 100, 150, 200, 400, 800,
1000, 1200, 1500, and 2000 s/mm2). When b values were 0,
10, 20, 30, 40, 60, 80, 100, 150, 200, 400 s/mm2, the NSA
was 1. When b value was 800 s/mm2, the NSA was 2.When
b values were 1000, 1200, 1500, and 2000 s/mm2, the NSA
was 3. The scan time of single IVIM was 5 minutes.
DCE-MRI (40 dynamic phases) used a 3D fast field echo

sequence with fat suppression on the oblique axial plane (the
same as IVIM�MRI sequence). Two precontrast T1-fast
field echo sequences with different flip angles (5° and 10°,
respectively) were set as references to calculate the baseline
Downloaded for Anonymous User (n/a) at Faculty of Medicine & Affiliat
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T1 relaxation time per pixel (baseline T1 map). The two ref-
erence series were identical to the DCE sequences in terms
of, for example, FOV, orientation, resolution, slice thickness,
and number of slices. Scan parameters of DCE-MRI were as
follows: TR/TE 1.63/3.3 ms; flip angle 15°; acquisition
matrix 252£ 222; FOV 304£ 362 mm2; slice thickness 1.5
mm; and number of slices 70; the temporal resolution 2 sec-
onds. The total scan time of DCE-MRI (40 dynamic phases)
was approximately 4.8 minutes.

A gadolinium-based agent gadopentetate dimeglumine
(Magnevist; Bayer Healthcare, Berlin, Germany) was intrave-
nously injected at a flow rate of 2.5 ml/s and at a dose of
0.2 ml/kg of body weight, followed by a 20-ml saline flush
with a high-pressure injector.
Image Analysis

The IVIM perfusion-related parameters (f, perfusion fraction;
D*, pseudo-diffusion coefficient) and the flow-related
parameter (f¢D*) were calculated using the biexponential
model described by Le Bihan et al. (11,12) as follows:

Sb=S0 ¼ 1�fð Þ exp�bDð Þ þ f exp�bD�ð Þ
where Sb is the signal intensity in the pixel with diffusion gra-
dient, S0 is the signal intensity in the pixel without diffusion
gradient, D is the true diffusion as reflected by pure molecular
diffusion, f is the fractional perfusion related to microcircula-
tion, and D* is the pseudo-diffusion coefficient related to
perfusion. The raw data of diffusion-weighted images were
transferred to an EWS4.1 workstation and analyzed using in-
house software (IDL6.3 software, Colorado).

Quantitative DCE-MRI parameters were Ktrans (transfer
constant between blood plasma and extravascular extracellu-
lar space [EES]), Kep (rate between EES and blood plasma),
Ve (extravascular volume fraction), Vp (plasma volume frac-
tion), and AUC (area under the gadolinium concentration
curve). The pharmacokinetic calculation was done on a
pixel-by-pixel basis using a two-compartment model. The
calculation was based on the extended Tofts model (14) as
follows:

C tð Þ ¼ VPCa tð Þ þ Ktranse�tKep � Ca tð Þ
where C(t) is the contrast concentration in tissue and Ca(t) is
the arterial input function. DCE-MRI data were transferred
to an advantage workstation using T1 permeability software
(Intellispace portal workstation, Philips Medical Systems).

Ktrans and DWI images (b = 1000 s/mm2) were used as
references to determine the lesion areas on corresponding
IVIM and DCE maps (Fig 1).

Regions of interest (ROIs) were manually drawn to cover
the entire tumor area slice by slice, avoiding the inclusion of
intestinal gas, liquid, and anatomical structures. Necrotic and
large cystic areas by visual view were excluded from ROI.
An ROI of the lesion was manually drawn on the basis of the
DWI images (b= 1000 s/mm2), and the values of f and
3
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Figure 1. Images in a 53-year-old man with moderately differentiated rectal cancer. The border of the lesion on the T2WI image was manually
drawn. The top row small images: DWI (b = 1000 s/mm2) and IVIM-DWI parameter images (D, D*, and f); the bottom row small images: corre-
sponding DCE-MRI quantitative parameter images (Ktrans, Kep, Ve, and Vp). DCE-MRI, dynamic contrast-enhanced magnetic resonance imag-
ing; DWI, Diffusion-weighted imaging; IVIM-DWI; intravoxel incoherent motion diffusion-weighted imaging.
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D*were obtained automatically for measuring the IVIM
parameters. For DCE-MRI measurements, an arterial input
function obtained from the iliac artery was applied for model-
ing procedure. Then, the following maps were obtained
automatically: Ktrans, Kep, Ve, Vp, and AUC. Eventually, an
ROI of the lesion was manually drawn on the basis of the
Ktrans map, and the corresponding values of Ktrans, Kep, Ve,
Vp, and AUC were obtained automatically.

Two experienced radiologists (10 and 6 years, respectively,
in gastrointestinal imaging) placed the ROIs and analyzed all
the IVIM and DCE-MRI images independently. The data
generated by the two observers were used to calculate inter-
observer reliability.
Statistical Analysis

All analyses were performed using statistical software
SPSS17.0 (SPSS 17.0 for Windows, SPSS, Illinois). Normal-
ity testing was performed using the Shapiro�Wilk test and
homogeneity-of-variance testing using the Levene test. Con-
tinuous variables were expressed as mean § standard
TABLE 2. Interobserver Reliability in Assessing IVIM and DCE-MRI

Parameters ICC (95% CI)

f 0.9181 (0.8643�0.9554)
D* 0.8618 (0.8334�0.8843)
f¢D* 0.8817 (0.8540�0.9306)
Ktrans 0.9088 (0.8344�0.9655)
Kep 0.8774 (0.8221�0.9163)
Ve 0.7826 (0.6749�0.8547)
Vp 0.9021 (0.8571�0.9335)
AUC 0.8445 (0.8181�0.8825)

AUC, area under the gadolinium concentration curve; D*, pseudo-diffus
onance imaging; f, perfusion fraction; f¢D*, the multiplication of the two pa
herent motion; Kep, rate between EES and blood plasma; Ktrans, transfer c
Ve, extravascular volume fraction; Vp, plasma volume fraction; 95% CI, 95

4
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deviation or median § interquartile range. Correlations
between f and all quantitative DCE-MRI parameters were
analyzed using Pearson's or Spearman's correlation coeffi-
cients, respectively. D* and f¢D* were also similarly analyzed.
Interobserver reliability. was evaluated using the intraclass
correlation coefficient (ICC) and Bland�Altman analysis.
Correlation coefficient |r| of 0�0.5, 05�0.8, and >0.8 was
considered as poor, moderate, and high correlations, respec-
tively. A p value <0.05 was considered to indicate a statisti-
cally significant difference.
RESULTS

Interobserver Reliability

The measurement consistency between two observers was evalu-
ated by ICC and Bland�Altman analysis (Table 2). ICC and
Bland�Altman bias values for IVIM and DCE-MRI quantitative
parameters indicated good to excellent interobserver reliability.
(ICCIVIM, 0.8618�0.9181, ICCDCE, 0.7826�0.9088; BiasIVIM,
0.5%�2.8%, BiasDCE,¡10.4%�5.3%).
Parameters

Bland�Altman Bias (95% CI), %

0.5 (¡39.7 to 40.7)
2.8 (¡49.7 to 55.3)
2.3 (¡53.6 to 58.2)
5.1 (¡55.2 to 65.4)
5.3 (¡62.3 to 72.9)

¡10.4 (¡140.6 to 119.8)
¡1.6 (¡52.2 to 49.0)
¡2.9 (¡33.8 to 28.0)

ion coefficient; DCE-MRI, dynamic contrast-enhanced magnetic res-
rameters; ICC, intraclass correlation coefficient; IVIM, intravoxel inco-
onstant between blood plasma and extravascular extracellular space;
% confidence interval.
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Tissue Perfusion Parameters

The IVIM perfusion parameters were as follows: f= (17.02 §
8.37)%, D* = (15.83 § 55.56)£ 10¡3 mm2/s, f¢D* = (2.04
§ 5.69)£ 10¡3 mm2/s.
The DCE-MRI quantitative parameters were as follows:

Ktrans = (2.00 § 4.20) min¡1, Kep = (0.99 § 0.87) min¡1,
Ve = 1.76 § 3.61, Ve = 0.49 § 0.88, and AUC= 46.96 §
21.29.
Correlations Between Parameters of IVIM and DCE-MRI

Moderate correlations were found between f¢D* and Ktrans

(r= 0.533; p < 0.001), and relatively weak correlation
between D* and Ktrans (r= 0.389; p < 0.001), D* and Vp

(r= 0.442; p < 0.001), f¢D* and Vp (r= 0.466; p < 0.001),
and f and Vp (r = ¡0.234; p = 0.021; Table 3).
DISCUSSION

The present study investigated the correlations between
IVIM perfusion-related parameters and quantitative DCE-
MRI perfusion metrics in rectal cancer to evaluate the ability
of IVIM-DWI to measure tumor perfusion. The results
showed that f¢D* was moderately related to Ktrans, and rela-
tively weak correlations were also found between D* and
Ktrans (r= 0.389), D* and Vp (r= 0.442), f¢D* and Vp

(r= 0.466), and f and Vp (r =¡0.234). The findings sup-
ported the aforementioned hypothesis that potential relation-
ships existed between IVIM and DCE-MRI perfusion
parameters to some degree.
f¢D* allowed the estimation of relative perfusion or blood

flow in the tumor microcirculation (13), which was thought
to depend on the interplay among the microvascular anat-
omy, vascular permeability, and blood flow dynamics. In
contrast, Ktrans was defined as transfer constant between
blood plasma and EES, reflecting vascular permeability when
TABLE 3. Correlation Coefficient Between IVIM Perfusion-
Related Parameters and Perfusion Measurements From
DCE-MRI

Variables f f¢D* D*

r p R p r p

Ktrans 0.068 0.506 0.533 <0.001 0.389 <0.001
Kep 0.144 0.768 �0.077 0.452 �0.093 0.641
Ve 0.094 0.358 �0.130 0.658 �0.166 0.773
Vp �0.234 0.021 0.466 <0.001 0.442 <0.001
AUC �0.140 0.771 �0.110 0.838 �0.120 0.845

AUC, area under the gadolinium concentration curve; D*, pseudo-
diffusion coefficient; DCE-MRI, dynamic contrast-enhanced mag-
netic resonance imaging; f, perfusion fraction; f¢D*, the multiplication
of the two parameters; ICC, intraclass correlation coefficient, IVIM,
intravoxel incoherent motion; Kep, rate between EES and blood
plasma; Ktrans, transfer constant between blood plasma and extra-
vascular extracellular space; Ve, extravascular volume fraction; Vp,

plasma volume fraction.
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contrast uptake was limited by vascular endothelial leakiness
(15,16). Furthermore, Ktrans was possibly related to tumor
angiogenesis, and higher mean Ktrans value was observed in
epidermal growth factor receptor-positive rectal cancer (3).
Therefore, the moderate correlation between f¢D* and Ktrans

in this study suggested that f¢D* was associated with vascular
permeability and blood flow in rectal cancer. Similar results
were reported in studies on non�small-cell lung cancer,
head and neck squamous cell cancer, breast lesions, and cervi-
cal cancers (17�21).

The f value was a measure of the fractional volume of cap-
illary blood flow in each voxel, while D* was reported to be
proportional to blood velocity and mean capillary segment
length (11), which were heterogeneous in the tortuous
tumor vasculature. Thus, f and D* indirectly reflected the
increased immature vessels and capillary permeability. Fur-
thermore, in an animal study of human colorectal cancer
(HT29) implanted mice model, f and D* were significantly
associated with the tumor microvessel density, which was
considered as a surrogate marker for angiogenesis (22). More-
over, delivery of the tracer to the tissues was still dependent
on intravascular flow even with the use of diffusible tracers
(12,13). Thus, a relationship between perfusion parameters
quantified by DWI and tracer kinetic methods could plausi-
bly be deduced (13).

However, the aforementioned relationship is still contro-
versial, as evident from the published studies (17�21,
23�26). In the present study, relatively weak correlations
were observed between f, D*, and DCE-MRI parameters,
especially f and Vp (r = ¡0.234). Possible reasons for the dis-
crepancy reported in some studies (26,27) and the present
study were as follows: (1) the fast component of f and D*
measured by DWI might comprise more than one physio-
logic process in some organs (eg, glandular secretion, ductal
flow, and cerebrospinal fluid flow) (28�30); (2) the evolution
time of DWI sequence for significant water exchange was
limited and thus the signal could be interpreted as separate
intra- and extravascular compartments, with the parameters
f and D* referring to the intravascular compartments. In con-
trast, DCE-MRI tracked contrast continuously over much
longer periods (several minutes) and thus necessarily involved
intravascular, extravascular, and exchange dynamics. Thus,
the parameters of the DCE-MRI model reflected not only
the microvascular volume or flow but also some composite
encompassing total tracer transit (24); (3) signal intensity
would be affected by different b-value selection, especially
low b value (�200 s/mm2) (31�32); and (4) non-negligible
heterogeneity within an individual tumor (17). Further stud-
ies and a more standardized approach to data collection
(IVIM-DWI or DCE-MRI sequence) and analysis are
needed to verify the conflicting results published in the
literature.

In addition, careful consideration should also be given to
the interobserver reliability of IVIM and DCE-MRI parame-
ters. Compared to other parameters, relatively larger range of
95% confidence interval limits of agreement in Ve has been
5
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observed in this study. Ve is one of the perfusion parameters
derived from DCE-MRI data, reflecting the situation in
EES, however, it was less consistent (21). The following fac-
tors may contribute to large variability in Ve. One factor is
tumor angiogenesis, abnormal vessels have been heteroge-
neously distributed, and the vascular space and EES could be
variable (3,4). Furthermore, the high ratio of advanced cancer
in subjects (69.07% rectal cancer �T3 stage) may intensify the
variability in the study. Another possible factor is that Ve can
vary with edema around the lesion (33). Therefore, Ve may
be less reliable and needs to be further studied.

This study had several limitations. First, only patients with
pathologically proven rectal adenocarcinoma were included
and evaluated in this study. Second, the optimal b-value
selection for rectal cancer was not assessed. Different b-value
selection methods affected the IVIM parameter estimates,
especially f (34,35). The clinical tolerance and IVIM charac-
terization both were taken into consideration. Further, 16 b
values were used in this study, and half of them were less
than 200 s/mm2. Third, other analysis methods for IVIM
estimation, such as nonnegative least squares fitting, were not
introduced (36). Fourth, the perfusion parameters derived
from IVIM and DCE-MRI were not correlated with the his-
topathological results (such as the microvascular density).
However, the purpose of the present study was not to iden-
tify the correlation between MR parameters and histopathol-
ogy, but the relationship between the MR parameters
derived using different techniques.

In conclusion, IVIM-DWI could be performed without
the administration of exogenous contrast medium, making it
a safer and more convenient method for patients, especially
for individuals with renal insufficiency. Furthermore, the
present study implied that IVIM perfusion-related parame-
ters, especially f¢D*, demonstrated moderate correlations
with quantitative perfusion parameters derived from DCE-
MRI in rectal cancer. Thus, the rectal IVIM-DWI analysis
can provide both diffusion and perfusion information, which
has a potential value in evaluating treatment response, differ-
entiating cancer recurrence from radiofibrosis in patients with
rectal cancer without exogenous contrast agent.
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Relationship between CT activity score with lung
function and the serum angiotensin converting
enzyme in pulmonary sarcoidosis on chest HRCT
Jianghui Duan, MDa, Yanyan Xu, MDa, Haixu Zhu, MDb, Haibo Zhang, MDa, Shilong Sun, BSa,
Hongliang Sun, MDa,∗, Wu Wang, MDa, Sheng Xie, MDa

Abstract
To address the reliability of CT activity score (CTAS) and investigate the relationships between CTAS, lung function changes after
treatment and the serum angiotensin-converting enzyme (SACE) levels.
Fifty-seven sarcoidosis patients underwent chest high-resolution CT (HRCT) and spirometry, as well as SACE examination, were

retrospectively analyzed. Follow-up spirometry in each patient was obtained about 6 months after the initial spirometry. The
correlations between CTAS and pulmonary function changes were evaluated by Spearman correlation analysis. According to SACE
status, patients were divided into normal and high level 2 subgroups. Comparisons of pulmonary function parameters, HRCT
abnormalities extent scores between SACE normal and high 2 subgroups were performed with the Mann–Whitney U test or
Independent samples t test.
CTAS demonstrated significant correlations with lung function changes (D%VC: r= 0.543, P< .001; DFEV1.0/FVC:r=0.417,

P= .001; D%TLC: r=0.309, P= .019). In addition, worse initial lung function, larger changes of lung function, and higher extent
scores of HRCT were observed in SACE high-level subgroup.
The findings of this study suggest that CTAS of initial HRCT is a promising index for disease activity in pulmonary sarcoidosis to

some degree. Prospective studies with large cohort designed to address further verification are warranted before wide clinical
practice.

Abbreviations: %TLC = total lung capacity as percent of the predicted value, %VC = vital capacity as percent of the predicted
value, CTAS = CT activity score, EBUS-TBNA = endobronchial ultrasound-guided transbronchial needle aspiration, FEV1.0 = forced
expiratory volume in the first second, FVC = forced vital capacity, GGO = ground-glass opacity, HRCT = high-resolution CT, HU =
Hounsfield units, IQR= interquartile range, IST= interlobular septal thickening, SACE= serum angiotensin-converting enzyme, TBLB
= transbronchial lung biopsy, WASOG = World Association of Sarcoidosis and Other Granulomatous Disorders.

Keywords: disease activity, high-resolution computed tomography, lung function, sarcoidosis, serum angiotensin converting
enzyme
1. Introduction

Sarcoidosis is a multisystem granulomatous disorder with
unclear etiology and unpredictable course.[1–3] The clinical
course and the prognosis are related to the symptoms at onset
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and to extent of disease, ranging from an acute self-limited
process to progressive fibrosis of the lung or other organs.[4–8] In
sarcoidosis treatment, the search for disease activity marker that
associates with organ function (i.e., pulmonary function) is
ongoing.[9–25] Respiratory tract involvement is evaluated by
regular clinical examinations, chest X-ray, and pulmonary
function testing (spirometry). The most encouraging indicator
for disease activity in clinical trial was pulmonary function
testing, which showed the correlation with pulmonary PET
outcomes.[13–15]

Additionally, the serum angiotensin-converting enzyme
(SACE) has been the most frequently used laboratory test in
sarcoidosis. Some studies have shown that SACE is produced by
the alveolar macrophages in the sarcoid granuloma, and SACE
level reflects the total sarcoidosis granuloma burden.[1,2] SACE
level is commonly elevated and may correlate with disease
activity.[20–23]

To date, high-resolution computed tomography (HRCT) has
been a routine item for airway or interstitial involvement
diseases. Various studies have demonstrated that HRCT is
superior to conventional radiography in detecting nodules, early
fibrosis, and parenchymal distortion.[6,9–12,15–19] Some HRCT
features have the potential to discriminate between reversible
disease (active inflammation) and irreversible disease (fibrosis).[9]

mailto:stentorsun@gmail.com
http://creativecommons.org/licenses/by-nd/4.0
http://creativecommons.org/licenses/by-nd/4.0
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Furthermore, HRCT abnormalities appeared to be useful in
evaluating parameters of disease severity and lung functional
impairment.[9–12,16,17,20,25] However, the results of the correla-
tion between HRCT scores and disease activity and/or lung
function appeared to be conflicting for variable HRCT scoring
systems. To achieve a valid, reliable evaluation of lung
abnormalities, a standard quantitative estimation of radiological
abnormalities is necessary.
Currently, the HRCT scoring system proposed by Benamore

et al[25]-CT activity score (CTAS) takes the extent of radiological
abnormalities in pulmonary parenchyma into account, showing
significant correlation with forced vital capacity (FVC) response
to treatment. In addition, extent scores 4 radiological features
(ground-glass opacity [GGO], interlobular septal thickening
[IST], nodularity and consolidation) enrolled in CTAS correlated
with at least one of the surrogates of disease activity, suggesting
the validation of the relationship of CTAS to disease activity in
sarcoidosis.
However, given that the limited patients were followed up in

Benamore et al[25] study, the relationship between CTAS and
the changes of lung function after treatment will benefit from
further verification with a larger cohort. In addition, whether
the extent scores of CT abnormalities mentioned above would
be different in patients with different SACE status, in other
words, the relationship between CT features and serum
marker-ACE was still debated. Therefore, the aims of the
article were to address the reliability of CTAS and investigate
the relationship between CTAS and lung function changes,
aiming to provide a more reliable reference for assessment of
disease activity; and to compare CTAS in patients with different
SACE status, exploring the potential relationship between
CTAS and SACE.
2. Materials and methods

2.1. Subjects

The Institutional Review Board granted approval for our
retrospective study, waiving informed consent because of its
retrospective nature. This retrospective study included 57
patients with newly diagnosed pulmonary sarcoidosis between
December 2010 and September 2016. Inclusion criteria in the
study: the initial laboratory test and spirometry were obtained
within a 2-week interval before or after the HRCT; patients
without corticosteroids therapy or comorbidity before HRCT
examination. To assess pulmonary function changes that have
occurred over time, follow-up spirometry in each patient was
obtained about 6 months after the initial spirometry.
The 57 patients included 16 males and 41 females, 27 to 66

years of age (mean age 49±10 years). Of these patients,11 were
ex-smoker/current smoker and 46 were nonsmoker. The
diagnosis was confirmed by histology examination of lymph
nodes including 16 (28.1%) transbronchial lung biopsy (TBLB),
18 (31.6%) endobronchial ultrasound-guided transbronchial
needle aspiration (EBUS-TBNA), 8 (14.0%) thoracoscope, and 7
(12.3%) mediastinal biopsy. Two patients (3.5%) initially
presented with a classic Löfgren’s syndrome (fever, erythema
nodosum, arthralgias, and bilateral hilar lymphadenopathy)
without biopsy. For the other 6 patients (10.5%) without
histological evidence, clinical features and bronchoalveolar fluid
analysis consistent with the WASOG guidelines[26] confirmed the
final diagnosis. All the patients received systemic corticosteroids
therapy after HRCT examination, but the dose and treatment
2-27
duration were adjusted according to clinical presentation. None
of them have received immunosuppressive therapy during the
6 months.
2.2. HRCT technique and image analysis

HRCT scans were performed on either a 16-slice (Toshiba
Aquilion), 320-slice (Toshiba Aquilion One) or a 256-slice CT
scanner (Philips Brilliance iCT). All scans were acquired using the
high-resolution technique. Images were acquired in the supine
position after end-inspiration and extended from the lung apices
to the costophrenic angles by using the following parameters:
section thickness, 5mm; section intervals, 5mm; pitch, 0.75;
rotation time, 330 ms; tube voltage, 120kV; tube current, 200
mA; thin collimation 0.75mm; reconstruction matrix, 512�512.
From raw data, 1-mm-thick section images were reconstructed at
1-mm intervals by using a high-spatial-frequency algorithm
(B60S). All CT scans were obtained with window settings that
were appropriate for lung parenchyma (window width, 1300
Hounsfield units [HU]; level, �450 HU) and mediastinum
(window width, 400 HU; level, 40 HU). All data were analyzed
on the postprocessing workstation EBW4.52 (Extended Brilliant
Workshop 4.52, Philips Healthcare Systems).
The CT images were assessed in totally random order by 2

radiologists (with 6 years and 10 years of experience in chest CT
imaging, respectively) without reference to the clinical or
laboratory test results. Sarcoidosis-related HRCT abnormalities
(including GGO (Fig. 1A), IST, nodule (Fig. 1B), conglomeration,
consolidation (Fig. 1C), intrathoracic lymphadenopathy, fibrosis
(Fig. 1D)] were scored for the presence, character, and extent
follow the criteria defined in the previous study.[25] Specifically,
the sum of the scores for GGO, IST, nodularity and consolidation
was defined as the CT activity score or CTAS and recorded. In
addition, the pleural effusion and the fibrosis were also recorded
without enrolling in CTAS scoring system. The fibrosis was
defined as the presence of any honeycombing, reticulation,
traction bronchiectasis or intralobular linear opacities with or
without architectural distortion or lobar volume loss (Tables 1
and 2).
Each lung was divided into 3 zones on HRCT as follows:

the upper zone above the carina in the cranio-caudal plane;
the lower zone below the inferior pulmonary veins in the
cranio-caudal plane; the middle zone between the upper and
lower zones.
The extent of CT abnormalities was estimated visually in each

aforementioned zone and measured by quartiles (25%) for GGO
and consolidation, number of IST (</=5 or>5) per zone,
number of nodules per zone (0–25/26–50/>50), 2.5cm intervals
of short-axis diameter for conglomeration.[25] In addition, the
sub-1mm nodules were considered GGO since indistinguishabil-
ity between innumerable sub-1mm and GGO with current
HRCT resolution.
2.3. SACE examination

SACE examination was performed with 3 mL venous blood on
fasting state in the morning, all specimen were sent to our clinical
laboratory by immunoturbidimetry (reagent kit were provided by
Beijing Strong Biotechnologies, Inc. The instrument was adopted
by BECKMAN COULTER AU5800 type automatic biochemical
analyzer, America). The normal range of the SACE level was 17
U/mL to 55 U/mL in our institution, and the upper limit of normal
of the SACE level is above 55U/mL.
3-



Table 2

Scoring system for abnormalities on HRCT.

Figure 1. A, HRCT obtained at the level of right lower bronchus displayed bilateral diffuse ground-glass opacities in a 41-year-old male patient. Note the right hilar
lymphadenopathy. The SACE level was 60.1U/mL. B, HRCT showed micronodules with a perivascular distribution and thickening of bronchovascular bundles
accompanied with right pleural effusion in a 43-year female patient. The SACE value was 68.1U/mL. C, HRCT demonstrated consolidation in subpleural region,
multiple micronodules clustered interlobar fissures and centrilobular interstitium of right lower lobe in a 50-year-old female patient, enlarged right hilar lymph nodes
were also seen, the SACE level was 28.3U/mL. D, HRCT depicted right bronchovascular bundles distortion in a 48-year male patient, a usual finding of pulmonary
fibrosis. Note the bilateral irregular thickening of the pleura (pseudoplaque) and multiple miliary nodules. The SACE value was 33.7U/mL. HRCT=high-resolution
CT, SACE=serum angiotensin converting enzyme.
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2.4. Pulmonary function test

All subjects performed spirometry, including vital capacity as the
percent of the predicted value (%VC), forced expiratory volume
in the first second (FEV1.0), forced vital capacity (FVC), and total
lung capacity as the percent of the predicted value (%TLC). The
initial spirometry was performed within 2 weeks before or after
HRCT examination, and the second spirometry was performed
with a 6-month interval. The initial spirometric values (Table 3)
and the changes between the twice spirometric results were both
recorded.
Table 1

Definition of terms for abnormalities on HRCT.

Terms Definition

Ground glass opacity Increased lung attenuation, with preserved bronchial and
vascular margins; nodules<1 mm

Consolidation Obviously increased pulmonary parenchymal attenuation
with obscured vessels and airway walls

Internal septal
thickening

Thickening of the septa between lobules (smooth or
nodular)

Conglomeration A large opacity>3cm surrounding and encompassing
hilar bronchi and vessels

3-274-
2.5. Statistical analysis

All data were expressed as mean ± standard deviation (SD) or
median± interquartile range (IQR). The correlations between
pulmonary function changes, SACE values, and CT activity score
(CTAS), between SACE values and pulmonary function changes
were evaluated by Spearman correlation analysis or Pearson
Abnormalities Score for extent

GGO (or nodules
<1 mm)

One zone 1–25% =1 point; one zone 26–50%=2
point; one zone 51–75%=3 point; one zone 76–
100%=4 point

Consolidation One zone 1–25%=1 point; 1 zone 26–50%=2 point;
1 zone 51–75%=3 point; 1 zone 76–100%=4
point

Interlobular septal
thickening (IST)

One zone, up to 5=1 point; 1 zone >5=2 point

Nodules 1mm or greater One zone 1–25 nodules=1 point; 1 zone 26–50
nodules=2 point; 1 zone >50 nodules=3 point;

Conglomeration Yes =1 point; no =0 point; each 2.5cm dimension
(right or left) =1

Lymphadenopathy Yes =1 point; no =0 point.

http://www.md-journal.com


Table 5

Correlation between pulmonary function changes, SACE values,
and CT activity score (CTAS).

Correlation to CTAS

Variables Coefficient (r) P value

D%VC 0.543 <.001
DFEV1.0/FVC 0.417 .001
D%TLC 0.309 .019
SACE 0.435 .001

%TLC= total lung capacity as percent of the predicted value, %VC= vital capacity as percent of the
predicted value, D= the value change after six months, FEV1.0= forced expiratory volume in the first
second, FVC= forced vital capacity, SACE= serum angiotensin converting enzyme.

Table 3

Clinical characteristics of 57 subjects.

Factors Mean±SD Range

Gender (male: female) (16:41) �
Age, y 48.75±10.30 27–66
Smoking status (ex-/current

smoker: nonsmoker)
(11:46) �

SACE, U/mL 63.20±3.45 11.70–137.10
%VC 98.74±15.15 55.20–129.70
FEV1.0/FVC, % 74.18±9.88 50.31–99.56
%TLC 88.65±12.86 52–116

%TLC= total lung capacity as percent of the predicted value, %VC= vital capacity as percent of the
predicted value, FEV1.0= forced expiratory volume in the first second, FVC= forced vital capacity,
SACE= serum angiotensin converting enzyme, SD= standard deviation.
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correlation analysis. According to SACE status, patients were
divided into normal and high level 2 subgroups. Comparisons of
pulmonary function parameters, HRCT abnormalities extent
scores between SACE normal, and high 2 subgroups were
performed using Mann–WhitneyU test or Independent samples t
test. Concordance rates and kappa values were calculated to
show the reliability of calculating HRCT features and CTAS
between observers. All statistical analyses were performed using a
statistical software package (SPSS 17.0 for Windows, SPSS,
Chicago, IL). A P values< .05 was considered to be significant.
3. Results

The concordance rates and kappa values were 91.2% to 95.4%
and 0.85 to 0.91 for different HRCT features and CTAS. Clinical
characteristics of subjects are summarized in Table 3. Extent
scores for HRCT abnormalities are listed in Table 4. In addition,
4 patients (7.02%) presented with pleural effusion, 14 (24.56%)
patients showed evidence of pulmonary fibrosis.
Table 6

Comparisons of pulmonary function parameters, HRCT abnorm-
alities scores between different SACE status.
3.1. Correlations between pulmonary function changes,
SACE and HRCT abnormality extent score

Following the scoring criterion for disease activity suggested by
Benamore et al,[25] the sum score of GGO, IST, consolidation,
and nodularity is termed CTAS. Correlations between pulmo-
nary function changes, SACE, and CTAS are summarized in
Table 5. Pulmonary function changes and SACE both demon-
strated significant correlations with CTAS.
Table 4

HRCT abnormalities and extent score.

Abnormalities N (percentage) Median±IQR Range

GGO 44 (77.19%) 3±4.5 0–24
IST 9 (15.79%) 0±0 0–12
Nodule 39 (68.42%) 2±3 0–18
Consolidation 18 (31.58%) 0±1.5 0–8
Conglomeration 12 (21.05%) 0±0 0–4
Intrathoracic

lymphadenopathy
57 (100%) 1±0 1–1

Total score 7±8 1–36
CTAS 6±8 0–35

CTAS= the CT activity score, defined as the sum of the scores for GGO, IST, nodule and consolidation,
GGO=ground glass opacity, HRCT=high-resolution computed tomography, IQR= interquartile
range, IST= interlobular septal thickening.
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We also have evaluated the relationships between pulmonary
function changes, SACE values, and total score of the HRCT
features (excluding fibrosis), and have observed similar results to
CTAS’s (D%VC: r= 0.509, P< .001; DFEV1.0/FVC:r= 0.382,
P= .003; D%TLC: r= 0.327, P= .013; SACE: r= 0.440,
P= .001).
In addition, the SACE value showed significant correlations

with pulmonary function changes (D%VC: r= 0.413, P= .001;
DFEV1.0/FVC:r= 0.317, P= .016; D%TLC:r= 0.439, P= .001).
3.2. Pulmonary function parameters, HRCT scores
between different SACE status

The values of pulmonary function parameters and HRCT scores
in patients with different SACE status were described in Table 6.
Worse initial lung function, larger changes of %TLC values, and
higherHRCT scores were observed in SACE high-level subgroup.
4. Discussion

In the present study, CTAS demonstrated the significant
correlations with lung function changes (D%VC: r= 0.543,
P< .001; DFEV1.0/FVC:r= 0.417, P= .001; D%TLC: r= 0.309,
P= .019). Interestingly, similar outcomes were observed in the
total score of HRCT abnormalities. The results suggest that
SACE status

Normal level (n=32) High level (n=25) P value

Initial pulmonary function
%VC 104.62±9.21 91.20±17.91 .001
FEV1.0/FVC (%) 78.95±7.03 68.07±9.74 <.001
%TLC 94.13±9.14 81.63±13.67 <.001

Pulmonary function changes
D%VC 0.60±6.63 2.60±13.05 .096
DFEV1.0/FVC (%) 1.93±7.86 2.00±9.33 .317
D%TLC 0.90±3.28 2.30±7.90 .037

HRCT score
Total score 7±3.75 11±11 <.001
CTAS 5±3.5 10±12 <.001

Note: data were expressed as median± interquartile range (IQR).
%TLC= total lung capacity as percent of the predicted value, %VC= vital capacity as percent of the
predicted value, D= the value change after six months, CTAS= the CT activity score, FEV1.0= forced
expiratory volume in the first second, FVC= forced vital capacity, HRCT=high-resolution computed
tomography, SACE= serum angiotensin converting enzyme.
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CTAS is useful in evaluating disease activity in sarcoidosis. In
addition, higher extent scores of HRCT and larger changes of
lung function were also observed in SACE high-level subgroup,
which further supported the aforementioned outcome to some
degree.
Chest HRCT is an important modality to identify chest

involvement of sarcoidosis. It has been demonstrated that 15% of
symptomatic patients have normal chest X-ray but abnormal
findings on CT scans.[27] The correlation between HRCT
abnormalities and impaired lung function at rest has been well
estimated in previous studies.[9–12,16,17,20,25] Thus far, most of the
previous studies have been focused on the disease severity (not
activity) on HRCT, and its relationship with lung function
impairment. The HRCT features of pulmonary sarcoidosis could
be divided into reversible and irreversible ones,[6,7,9] in other
words, “reversible” feature could be improved after treatment
over time, while “irreversible” ones would be unchangeable with
or without treatment. GGO, IST and nodular has been proved to
be potentially reversible changes in sarcoidosis.[9] Furthermore,
HRCT features including GGO, IST, nodular, and consolidation
have been demonstrated the significant correlation with lung
function,[11,16,19] although the sample size and, more important-
ly, the scoring systemwere different. Therefore, it is reasonable to
predict that the disease activity scoring system CTAS involving of
GGO, IST, nodular, and consolidation associated with lung
function changes after treatment in this study.
The increased level of SACE is thought to be secondary to

increased expression by the epithelioid cells present in the
granulomas.[28] One study showed that SACE was produced by
the alveolar macrophages in the sarcoid granuloma, and SACE
levels reflected the secreted total granuloma burden.[1,2] Many
studies have confirmed that SACE levels can reflect the activity of
the disease,[3,21–24] furthermore, it has been reported that the
baseline and serial SACE levels correlate with lung function
improvement during methotrexate therapy in sarcoidosis
patients.[21] Therefore, SACE could be supposed to be an index
for disease activity in some degree.
Although it was quite difficult to speculate about the intrinsic

reason that underlay this observation, pathologic correlation
factors may lead to the correlation between morphology score
and SACE in sarcoidosis. First of all, the high percent of GGO
(77.19%) and nodular (68.42%) were observed in the lung
parenchyma. More recently, studies have shown that ground-
glass opacities actually pointed to numerous granulomas along
the interlobular fissures and septa and within the centrilobular
interstitium surrounding arterioles and bronchioles.[20] They
demonstrated as ground-glass opacities, because of beyond the
resolution of HRCT.[3,4,29,30] In addition, ground-glass opacities
also represented centrilobular interstitial disease in some
cases.[23,30] Also, thickened bronchovascular bundles and the
surrounding micronodules on HRCT, pathologically corre-
sponded to granulomas surrounding the connective tissue sheath
of bronchovascular bundles, which caused bronchovascular
bundles nodular or irregular thickening.[4] Whether granulomas
stand in the peribronchial interstitium or centrilobular inter-
stitium, these 2 signs are representative of accumulation of
granuloma in the lung. Nodules located in bronchovascular
bundles distribute more widespread than that located in
subpleural regions, the interlobular septa, centrilobular inter-
stitium, and parts of subpleural nodules represent intrapulmo-
nary lymph nodes.[31] Second, 100% lymphadenopathy
presented in this study, although it was not enrolled in the
CTAS. The bilateral hilar lymph node enlargement also
5-276-
undoubtedly added the total granuloma burden, although the
corresponding influence on SACE may be variable in individuals.
Together, these factors may explain the significant correlation
between CTAS and SACE.
Our study has the following clinical significances. First, CTAS

has potential clinical value to judge the disease activity of patients
with sarcoidosis. CTAS showed the significant correlations with
lung function and the SACE in pulmonary sarcoidosis. Second,
we can indirectly judge treatment response and determine the
clinical outcome with HRCT features. Finally, based on CTAS
and SACE, pulmonary function and improvement after treatment
might be predicted in some degree.
Our study has some limitations that need to be addressed. First,

the number of cases is limited, and the study is a retrospective
study. Studies with larger patients are needed to reduce selective
bias. Second, considering the limited subjects, the potential effects
of smoking on HRCT appearance, function test, and SACE level
were not analyzed; this is a monocentric study focusing on the
scoring system proposed by Benamore et al[25] without
comparison with other scoring systems on HRCT. Third, in
this study 100% intrathoracic lymphadenopathy was observed,
similar as in Benamore et al[25] study. However, for the subjects
without intrathoracic lymphadenopathy, the CTAS scoring
system still needs to be discussed. Finally, it is necessary to
follow up patients and to make a dynamic longitudinal study
between HRCT activity score and clinical parameters (including
pulmonary function, serum ACE) in order to reflect the outcome
of the disease.
5. Conclusion

In conclusion, our results suggest that CTAS involving of GGO,
IST, nodular and consolidation on HRCT could be a promising
index for disease activity; CTAS demonstrated significant
correlations both with lung function changes after treatment
and SACE; subjects with high SACE prefer to behave higher
CTAS on HRCT and worse initial lung function to some degree.
Prospective studies with a large cohort designed to address
further verification are warranted before wide clinical practice.
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Abstract
Purpose To evaluate the diagnostic potential of DW-MRI relative parameters for differentiation of rectal cancers with different
Kirsten rat sarcoma viral oncogene homologue (KRAS) mutation status.
Methods Fifty-one patients with rectal cancer underwent diffusion-weighted MR imaging with eight b values. ADCs (including
Max-ADC, Min-ADC and Mean-ADC) and IVIM parameters (D, pure diffusion; f, perfusion fraction; D*, pseudodiffusion
coefficient) were respectively calculated by mono- and bi-exponential analysis. Patients were stratified into two groups: KRAS
wild type and mutant. The DW-MRI-derived parameters between the KRAS wild-type group and KRAS mutant group were
compared using the Mann-Whitney U test. Receiver-operating characteristic (ROC) analysis of discrimination between KRAS
wild-type and KRAS mutant rectal cancer was performed for the DW-MRI-derived parameters.
Results Max-ADC, Mean-ADC and D values were significantly lower in the KRAS mutant group than in the KRAS wild-type
group, whereas a higher D* value was demonstrated in the KRAS mutant group. According to the ROC curve, Mean-ADC and
D* values showedmoderate diagnostic significance with the AUC values of 0.756 and 0.710, respectively. The cut-off values for
Mean-ADC and D* were 1.43 × 10-3mm2/s and 26.58 × 10-3mm2/s, respectively.
Conclusion Rectal cancers had distinctive diffusion/perfusion characteristics in different KRAS mutation statuses. The DW-
MRI-derived parameters, specifically Mean-ADC and D*, show a moderate diagnostic significance for KRAS status.
Key Points
• Rectal cancers with different KRAS mutation statuses demonstrated distinctive diffusion/perfusion characteristics.
• Max-ADC, Mean-ADC and D values were lower in the KRAS mutant group.
• A higher D* value was demonstrated in the KRAS mutant group.
• IVIM-DW MRI may potentially help preoperative KRAS mutant status prediction.

Keywords Rectal cancer .Magnetic resonance imaging . Diffusion . Perfusion .Mutation

Abbreviations
ADC Apparent diffusion coefficient
CRC Colorectal cancer
D Diffusion coefficient
D* Pseudo-diffusion coefficient
DWI Diffusion-weighted imaging
EGFR Epidermal growth factor receptor
f Perfusion fraction

IVIM Intravoxel incoherent motion
KRAS Kirsten rat sarcoma viral oncogene homologue
MRI Magnetic resonance imaging
NCCN National Comprehensive Cancer Network
ROI Region of interest
ROC Receiver-operating characteristic
TE Echo time
TR Repetition time
TSE Turbo spin echo

Introduction

Rectal cancer, which accounts for 30-35% [1] of all colo-
rectal cancer (CRC) cases, is distinctive from the rest of the
colon, and local recurrence is a major problem for clinical
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management. Currently, it is considered that CRC occurs as
a result of the accumulation of both mutations and epigenet-
ic alterations in several key genes [2]. Kirsten rat sarcoma
viral oncogene homologue (KRAS) is one of those key
genes, and its mutations were observed in approximately
35-40% of CRCs [3, 4]. Generally, metastatic CRCs with
KRAS mutations tended to be resistant to anti-EGFR (epi-
dermal growth factor receptor) monoclonal antibody-
targeted therapy [5, 6]. It has been explicitly pointed out in
the National Comprehensive Cancer Network (NCCN) clin-
ical practice guidelines [5, 6] that the KRAS mutation is a
highly specific negative biomarker for benefitting from
anti-EGFR monoclonal antibody-targeted therapy. In gen-
eral, postoperative pathology specimens are required for
KRAS mutation status testing; however, patients with more
advanced rectal cancer may not be treated surgically to ob-
tain specimens for testing. Therefore, further effort is desir-
able for the development of a relatively simple and nonin-
vasive method that can be helpful for the differentiation of
KRAS mutations and then assisting in selecting the most
suitable adjuvant therapeutic methods.

Much work has been focused on the MR functional imag-
ing, such as diffusion-weighted magnetic resonance imaging
(DW-MRI), providing objective and quantitative parameters
[ADCs (including Max-ADC, Min-ADC and Mean-ADC)
and IVIM parameters (D, pure diffusion; f, perfusion fraction;
D*, pseudodiffusion coefficient)] in vivo. Currently, most in-
terest is focussed on developing the role of various DW-MRI-
derived parameters in tumour characterisation, predicting tu-
mour aggressiveness or monitoring treatment response [7–9].
DW-MRI has rarely been investigated in genomic expression.
As we know, most of the tumour’s aggressive bio-behaviour
can be considered the result of interior genetic regulation, so
we assume that rectal cancers with different KRAS genetic
phenotypes might present with variable DW-MRI characteris-
tics. To date, the DW-MRI relative parameter characteristics in
rectal cancers with different KRAS mutation statuses are un-
known. Thus, the aim of this retrospective study was to detect
if the DW-MRI-derived parameters can predict the genotype
of rectal cancer (KRAS mutant/wild type).

Materials and Methods

Patients and tissue samples

This retrospective study was approved by the institutional
review board of the hospital, and waived the requirement for
written informed consent. Between August 2013 and
December 2014, 109 patients with biopsy-proven rectal ade-
nocarcinoma underwent pelvic MR examination (including
multi-b value DW-MRI sequences). Exclusion criteria were:
(1) previous rectal surgery (n = 3); (2) pre-examination

neoadjuvant chemoradiotherapy or unidentified herbal medi-
cine therapy for the rectal lesion (n = 25); (3) heavy intestinal
peristalsis artefacts (n = 4); (4) small lesions (< 5mm) hard to
identify on images (n = 3); (5) without KRAS testing (n = 12);
(6) mucinous adenocarcinoma (n = 11). Finally, 51 patients
were enrolled in this study. The relevant detailed clinical data
are illustrated in Table 1. Surgical pathology results of all
patients were analysed by a pathologist with 6 years’ experi-
ence in gastrointestinal pathological diagnosis. Genomic
DNA was extracted from formalin-fixed paraffin-embedded
(FFPE) tissue using the QLAamp DNA FFPE Tissue kit
(Qiagen), and KRAS mutations were examined by the ampli-
fication refractory mutation system (ARMS) method.
According to the test results, patients were stratified into two
groups: KRAS wild type and mutant, and the patients with
KRASmutationwere further divided into codon 12 and codon
13 subgroups based on different mutation locations. From the
analysis of the surgical specimens, 38 patients had the KRAS
wild type and 13 patients had the KRAS mutation including
eight codon 12 mutations(G12A, G12C, G12S, G12V) and
five codon 13 mutations (G13A).

Patient preparation and imaging protocol

The patients were on a low-residue diet before the MRI ex-
amination and were asked to fast on the day of the examina-
tion. An intramuscular injection of 10 mg anisodamine hydro-
chloride was given to each patient to prevent intestine peri-
stalsis 10 min prior to the MR examination. Pelvis MR scan-
ning was performed on a 3-T whole-body scanner (Ingenia,
Philips Medical Systems) with a gradient strength of 45mT/m
and a gradient switching rate of 200mT/m/ms, using a 16-
channel anterior torso dS coil and a 16-channel posterior table
dS coil.

The 2D sagittal and oblique coronal T2W (parallel to long
axis of the tumour) Turbo spin echo (TSE) sequences were
performed with the following parameters: repetition time
(TR), 3761 ms; echo time (TE), 110 ms; field of view
(FOV), 24 × 24 cm; slice thickness, 3 mm with 0.3-mm gap;

Table 1 Basic clinical
information of rectal
cancers (n = 51)

Factors Numbers/values

Patient age (years)* 61.3 ± 13.6

Gender n (%)

Male 29 (57.7%; 29/51)

Female 22 (42.3%; 22/51)

KRAS status

Wild type 38 (74.5%; 38/51)

Mutant codon 12 8(15.7%; 8/51)

Mutant codon 13 5(9.8%; 5/51)

Note. * Data are means ± standard
deviation
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slice number, 24 acquisition matrix, 336 × 252; number of
sample (signals) averaged (NSA) 1; an oblique axial T2W-
high resolution sequence was planned perpendicularly to the
tumour axis in the sagittal view: TR 3865 ms, TE 100 ms,
FOV 14 × 14 cm, slice thickness 3 mmwith 0.3-mm gap, slice
number 20, acquisition matrix 232 × 228.

An oblique axial multi-b value DW-MRI sequence perpen-
dicular to the tumoral axis in sagittal viewwas performed with
the parallel acquisition technique (sensitivity encoding,
SENSE) using a single-shot echo-planar imaging (SE-EPI)
pulse sequence with free breathing using the following param-
eters: TE/TR 76/6000 ms, FOV 20 × 30 cm, slice thickness
5 mm with 0.2-mm gap, slice number 24, acquisition matrix
80 × 144, NSA 6 and eight b values (0, 25, 50, 75, 150, 400,
800 and 1000s/mm2). Frequency selection plus the inversion
recovery fat-suppression technique (spectral attenuated inver-
sion recovery) was adopted in the DWI sequence. The scan
time for the DWI sequence was about 6 min 30 s.

Image processing and analysis

The raw data of multi-b value DW images were transferred to
a workstation (Extended Workspace 4.1; Philips Healthcare
Systems) and analysed with in-house software (IDL6.3 soft-
ware). The ADC was obtained by using all b values (0-1000s/
mm2) fitted to the following equation:

Sb=So ¼ exp −bADCð Þ ð1Þ
where Sb is the signal intensity at a given b value and S0 is the
signal intensity observed in the absence of a diffusion gradi-
ent. In the bi-exponential model, the IVIM parameters were
calculated by the following equation [10]:

Sb=So ¼ 1− fð Þ −bDð Þ þ f exp −bD*� � ð2Þ

where Sb is the signal intensity in the pixel with the diffusion
gradient, S0 is the signal intensity in the pixel without a diffu-
sion gradient, D is the true diffusion as reflected by pure mo-
lecular diffusion, f is the fractional perfusion related to micro-
circulation, and D* is the pseudodiffusion coefficient related
to perfusion.

Conventional T2WI and DWI (b = 1000s/mm2) images
were used as references to determine lesion areas on corre-
sponding DWI colour-coded maps. Regions of interest (ROIs)
were manually drawn covering the entire tumour area on all
continuous slices (T2WI, DWI images; Fig. 1a-b), avoiding
the inclusion of intestinal gas, liquid and anatomical structures
by one radiologist (H.S., 10 years’ experience in gastrointes-
tinal imaging). Macroscopic necrosis, if any, would be exclud-
ed. The DW-MRI-derivedparameter values (ADCs, D, f, D*;
Fig. 1c-f)for each tumour were calculated by the pixel-by-
pixel fitting method and expressed as mean values of all pixels
within the all ROIs. Inter-observer reliability of DW-MRI

derived-parameters (ADC, D, f and D*) used in this study
were proved to be good to excellent, as reported in a previous
study with the same observers (the intraclass correlation coef-
ficient, abbreviated ICC, ranged from 0.7444 to 0.9106) [11].
Furthermore, volumetric analysis demonstrated better-
interobserver reproducibility when compared with single-
section ROI analysis [12]. Accordingly, in the present study,
volumetric measurement by a single radiologist was regarded
as sufficient.

Statistical Analysis

All analyses were performed with JMP 12.0 statistical soft-
ware (SAS Institute). Continuous variables were expressed as
the mean ± standard deviation. Comparisons of continuous
variables, including DW-MRI parameters of rectal cancers
with the codon 12 subgroup versus codon 13 subgroup, were
made using the Mann-Whitney test. Then, receiver-operating
characteristic (ROC) analysis was performed to evaluate the
diagnostic performance of the DW-MRI-derived parameters
(ADCs,D, f,D* values) for KRAS status. The areas under the
ROC curve (AUC) were calculated: an AUC value < 0.50
indicated poor diagnostic accuracy; an AUC value of 0.51-
0.70, fair diagnostic accuracy; an AUC value of 0.71-0.90,
moderate diagnostic accuracy; an AUC value > 0.91, high
diagnostic accuracy. The cut-off values with the largest
Youden index [(sensitivity + specificity) - 1] were calculated
from the ROC curves. The final KRAS testing results were
used as the standard. For all the analyses mentioned above,
p < 0.05 was considered statistically significant.

Results

DW-MRI-derived parameters in the KRAS wild-type
and mutant groups

Values of DW-MRI-derived parameters (Max-ADC, Min-
ADC, Mean-ADC, D, f, D*) of the KRAS wild-type and mu-
tant groups are described in Table 2. Regarding the differen-
tiation of the KRAS mutant group from the KRAS wild-type
group, the values of Max-ADC, Mean-ADC and D in the
mutant group were significantly lower than those in the
wild-type group (p = 0.04, p = 0.01 and p = 0.03, respective-
ly), while a higher D* value was demonstrated in the mutant
group (p = 0.03). However, no significant differences were
demonstrated in the values of Min-ADC and f between the
two groups (p = 0.27 and p = 0.29, respectively).

In addition, the values of DW-MRI-derived parameters be-
tween the codon 12 and codon 13 subgroups showed no sta-
tistical differences (Max-ADC: z = 0.66, p = 0.51; Min-ADC:
z = 0.29, p = 0.77; Mean-ADC: z = 0.52, p = 0.61;D: z = 0.51,
p = 0.61; f :z = 0.22, p = 0.83; D*: z = 0.66, p = 0.51).
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Predictive significance of DW-MRI-derived
parameters for KRAS mutation status

In the ROC analysis for the differentiation between the KRAS
wild-type and mutant group, AUC values of Max-ADC, Min-
ADC, Mean-ADC, D, f and D* were 0.695, 0.604, 0.756,
0.701, 0.599 and 0.710, respectively. These findings sug-
gested that Mean-ADC and D* showed moderate diagnostic
significance for KRAS mutation in rectal cancer, while the

diagnostic values of Max-ADC, Min-ADC, D and f showed
fair diagnostic accuracy. According to the ROC curve (Fig.
2a), the cut-off value for Mean-ADC was 1.43 × 10-3mm2/s.
The Mean-ADC value for the KRAS mutant group was lower
than the cut-off value and that for the KRAS wild-type group
was greater than the cut-off value, with an accuracy rate of
78.43%, sensitivity of 69.23% and specificity of 81.58%. The
cut-off value forD*was 26.58 × 10-3mm2/s. TheD* value for
the KRASmutant group was higher than the cut-off value and

Fig. 1 Images of 46-year-old
male patient with rectal cancer. a
Oblique axial T2W-high
resolution sequence planned
perpendicularly to the bowel with
tumour; outline indicates tumour
region. b Diffusion-weighted
image (DWI) obtained at b of
1000s/mm2; outline indicates
tumour region. c-f: D: parametric
maps (ADC, D, f and D*,
respectively) fused with relevant
DWIs

Table 2 Rectal cancer DW-MRI
relative parameters in different
KRAS statuses

DW-MRI -derived parameters KRASmutant (n = 13) KRAS wild type (n = 38) z p

Max-ADC (×10-3mm2/s) 2.08 ± 0.49 2.35 ± 0.42 2.08 0.04

Min-ADC (×10-3mm2/s) 0.71 ± 0.32 0.74 ± 0.18 1.10 0.27

Mean-ADC (×10-3mm2/s) 1.26 ± 0.36 1.43 ± 0.22 2.72 0.01

D (×10-3mm2/s) 0.94 ± 0.27 1.13 ± 0.33 2.14 0.03

f (%) 19.47 ± 12.25 16.78 ± 14.04 -1.05 0.29

D* (×10-3mm2/s) 70.77 ± 67.77 32.98 ± 43.74 2.22 0.03

3062 Eur Radiol (2018) 28:3059–3065
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that for the KRAS wild-type group was lower than the cut-off
value, with an accuracy rate of 68.62%, sensitivity of 76.92%
and specificity of 65.79% (Fig. 2b).

Discussion

In the present study, lower Max-ADC, Mean-ADC, D and
higher D* values were observed in rectal cancers with the

KRAS mutant than in those with the wild type. According to
the ROC analysis, Mean-ADC and D* values showed moder-
ate diagnostic significance for the KRAS mutant status with
the AUC values of 0.756 and 0.710, respectively.
Theoretically, ADC integrates the effects of both diffusion
(D) and perfusion (D*), reflecting the total diffusion in tissues.
However, ADC is mainly a diffusion-related parameter rather
than a perfusion-related parameter at high b values (> 200
s/mm2). As the diffusion coefficient level is mainly decided
by the ratio of the intra- and extracellular space in tissue [10],
both ADC and D are generally considered to be negatively
correlated with the cellularity and positively correlated with
necrosis and cystic changes in tissue [13, 14]. According to
IVIM theory [10], D* (pseudo-diffusion coefficient) is asso-
ciated with perfusion with the equation stating that D* = (l·v)/
6, where l means the length of the voxel capillary and v is the
average velocity of blood in the capillary [15]. Thus, lower
Max-ADC,Mean-ADC andD and higherD* values observed
in the KRAS mutant group in the present study may suggest a
relatively tight tumour cell structure and hypervascularity in
the tumour.

It has been reported that the DW-MRI-derived parameters
have clinical value in characterising tumour biological behav-
iour [9] and predicting tumour prognosis [12]. The values of
ADC andD tended to decrease with higher T stages, and f and
D* were independent predictors for T staging [16, 17]. In
addition, diffusion-related IVIM-based parameters (D and
ADC) have been helpful to predict the treatment response to
CRT for locally advanced cancers and nasopharyngeal carci-
noma [13, 18].

Mutations of the KRAS oncogene result in the constitutive
activation of the G-protein signal transduction pathway, asso-
ciating with diffuse proliferation and decreased apoptosis [19,
20]. However, to date, there are no consistent results about the
associations between KRAS mutations and CRC prognosis.
Shigenori et al. [21] reported that CRC with KRAS mutations
were associated with poor prognosis. Similar results were also
observed in the Kirsten Ras Colorectal Cancer Collaborative
Group Study II (RASCAL II) on more than 3000 patients with
CRCs, particularly in patients with higher stage [22].
Conversely, negative results were reported by Roth et al.
[23]. In our results, the relationship between DW-MRI-
derived parameters and KRAS mutant status indirectly con-
firmed the potential relationship between KRASmutation and
prognosis in rectal cancer.

The KRAS oncogene is one of the important effectors in
EGFR signalling pathways, located in chromosome 12 p12. 1
and ultimately controlling processes such as cell growth and
survival [24]. The incidence of KRAS mutation in the present
study is 25.5%, slightly lower than that in previous studies [3,
4]. This is possibly due to several factors including the limited
study sample size and only patients with rectal cancer being
enrolled in study. Up to 90% of activating KRAS mutations

Fig. 2 Receiver-operating characteristic curves for Max-ADC, Mean-
ADC, D (a) and D* (b) in distinguishing KRAS mutant rectal cancers
from wild-type ones

Eur Radiol (2018) 28:3059–3065 3063

-282-



were detected in codons 12 and 13 [24]. In our study, there
were eight codon 12mutations and five codon 13mutations. It
is intriguing that specific KRAS mutations may be heteroge-
neous in their phenotype. For example, Bazanet et al, [25]
found that KRAS codon 12 mutations were associated with
a mucinous phenotype of CRC as well as more aggressive
tumour behaviour with greater metastatic potential [26].
However, the values of DW-MRI-derived parameters between
the codon 12 and codon 13 subgroup showed no statistical
differences. Considering the limited sample size and multiple
alternative genetic pathways in CRC [27], further analysis
needs to be performed with much larger patients cohort.

The present study has a number of limitations. First, there
were a limited number of patients with rectal cancer in the
study; thus, preliminary results by using a relatively small
sample size were provided. Second, it is a retrospective
study, so unintended selective bias may exist. Third, the f
values were not T2 corrected and thus may be impacted by
the T2 relaxation times of blood and tissues. Fourth, only
KRAS status was investigated in the present study; other
mutations in key genes [28], such as APC, CTNNB1 and
BRAF, and the potential crosstalk among these mutations
were not involved. A meta-analysis showed that patients
with CRCs harbouring the BRAF mutation may not benefit
from treatment with anti-EGFR antibodies, and the BRAF
mutation is an adverse prognostic biomarker for the survival
of patients with metastatic CRC [29]. Therefore, further
BRAF testing should be recommended for rectal cancers
with wild-type KRAS, which is beyond the scope of the
current study.

In conclusion, the DW-MRI-derived parameters, specifi-
cally Mean-ADC and D*, showed moderate diagnostic per-
formance in differentiating rectal cancers with different KRAS
mutant statuses from wild type in rectal cancer, suggesting
potential for predicting the genotype of rectal cancer (KRAS
mutant/wild type).
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effective for downstaging disease and reduc-
ing the rate of local recurrence [7, 8]. There-
fore, preoperative staging and grading have 
important clinical significance in the man-
agement of rectal cancer.

Tumor markers, such as carcinoembry-
onic antigen (CEA) and cancer antigen 19-9 
(CA19-9) [9, 10], and relevant imaging indi-
cators based on MRI, such as involvement of 
the circumferential resection margin (CRM) 
[11, 12] and the presence of extramural vas-
cular invasion (EMVI) [13–15], are also cor-
related with prognosis. Previous studies have 
shown that the probability of metastasis with-
in 1 year is 3.7 times higher in rectal cancer 
patients with MRI-detected EMVI than in 
those with no EMVI detected on MRI [14]. 

Intravoxel Incoherent Motion 
MRI of Rectal Cancer: Correlation 
of Diffusion and Perfusion 
Characteristics With Prognostic 
Tumor Markers

Hongliang Sun1

Yanyan Xu1

Aiping Song2

Kaining Shi3

Wu Wang1

Sun H, Xu Y, Song A, Shi K, Wang W

1Department of Radiology, China-Japan Friendship 
Hospital, No. 2 Yinghua E St, Chaoyang District, Beijing 
100029, China. Address correspondence to H. Sun 
(stentorsun@gmail.com).

2Department of Pathology, China-Japan Friendship 
Hospital, Beijing, China.

3Philips Healthcare MR Research Institution, Beijing, China.

Gastrointest ina l  Imaging •  Or ig ina l  Research

WEB 
This is a web exclusive article. 

AJR 2018; 210:W1–W9

0361–803X/18/2104–W1

© American Roentgen Ray Society

C
olorectal cancer (CRC) is a ma-
lignant tumor with a high mor-
bidity and mortality. There were 
1.4 million new cases worldwide 

in 2012 and approximately 0.7 million pa-
tients died of CRC in 2012 [1]. Rectal cancer 
accounts for approximately 30–35% of CRCs 
[1, 2]. The prognosis of patients with rectal 
cancer is closely related to tumor pathologic 
grade and stage. Higher tumor grade and ad-
vanced stage predict poor prognosis [3, 4]. In 
addition, the clinical treatment also depends 
on rectal cancer stage. Patients with ad-
vanced-stage rectal cancer often require pre-
operative chemotherapy or chemoradiothera-
py [5–7]. Clinical studies have confirmed 
that neoadjuvant chemoradiation therapy is 

Keywords: DWI, intravoxel incoherent motion, MRI, 
rectal cancer, tumor grading
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OBJECTIVE. The objective of our study was to evaluate the intravoxel incoherent motion 
(IVIM)–DWI derived parameters and their relationships with tumor prognostic markers us-
ing 3-T MRI in patients with rectal cancer. 

SUBJECTS AND METHODS. Fifty-two patients with histopathologically proven rec-
tal cancer who underwent preoperative pelvic MRI were prospectively enrolled in this study. 
Diffusion and perfusion parameters including the apparent diffusion coefficient (ADC), pure 
diffusion coefficient, perfusion fraction, and pseudodiffusion coefficient derived from IVIM-
DWI were independently measured by two radiologists. Comparisons of IVIM-DWI–de-
rived parameters in patients with different tumor prognostic markers were made using the 
independent-samples t test, ANOVA, and Mann-Whitney U test. The correlations between 
IVIM-DWI–derived parameters and tumor grade and tumor stage were further evaluated us-
ing Spearman correlation analysis. Interobserver agreement was evaluated using the intra-
class correlation coefficient (ICC). 

RESULTS. Excellent interobserver reproducibility was obtained for the IVIM-DWI–de-
rived parameters (range of ICCs with 95% limits of agreement = 0.9309–0.9948, which is 
narrow). ADC, pseudodiffusion coefficient, and perfusion fraction tended to rise with greater 
tumor differentiation (r = 0.520, p < 0.001; r = 0.447, p = 0.001; r = 0.354, p = 0.010, respec-
tively). The pure diffusion coefficient and pseudodiffusion coefficient showed a trend of de-
creasing with increasing tumor stages (r = 0.479, p < 0.001; r = 0.517, p < 0.001). The group of 
patients with extramural vascular invasion (EMVI) showed lower pseudodiffusion coefficient 
values than the group of patients with no EMVI (p < 0.05). 

CONCLUSION. IVIM-DWI–derived parameters in patients with rectal cancer, es-
pecially the pseudodiffusion coefficient, are associated with tumor grade and tumor stage 
and show statistically significant differences between subjects with EMVI and those without 
EMVI. IVIM-DWI–derived parameters would be helpful in predicting tumor aggressiveness 
and prognosis. 

Sun et al.
IVIM-MRI of Rectal Cancer
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It has been reported that tumor shape is as-
sociated with differentiation of colorectal ad-
enocarcinoma and that the extramural depth 
of tumor invasion is related to prognostic fac-
tors (including tumor differentiation grade) 
[16–18]; thus, we hypothesized that the range 
of bowel circumferential invasion might be 
associated with tumor grade as a prognos-
tic factor. However, the reference standard 
of tumor grading and staging is evaluation of 
postoperative pathologic specimens, whereas 
MRI indicators are relatively subjective with 
large interobserver variations [19, 20]; there-
fore, noninvasive quantitative preoperative 
evaluation methods are needed.

The DWI sequence has been gradually 
incorporated into the routine MRI proto-
col because of its proven advantages in tu-
mor detection, tumor characterization, and 
monitoring of treatment response [21–27]. 
The apparent diffusion coefficient (ADC) 
has been proved to be a potential prognostic 
factor [22–26]. Intravoxel incoherent motion 
(IVIM) is based on a biexponential mathe-
matic model with multiple b values, nonin-
vasively measuring both the diffusion of free 
water molecules and the perfusion caused 
by microcirculation in vivo. The main pa-
rameters derived from the biexponential 
model are the pure diffusion coefficient, the 
perfusion fraction, and the pseudodiffusion 
coefficient [28]. Promising results have been 
reported in the relationship between IVIM 
parameters and histologic grade and tu-
mor stage of various tumors [29–33]. How-
ever, in rectal cancer, research focusing on 
the relationships between IVIM parameters 
and clinicopathologic factors is rare [34, 
35]. The only study in the literature that we 
found was by Surov et al. [35]. In that work, 
a negative relationship between IVIM pa-
rameters and tumor differentiation grade 
was reported. However, considering vari-
ous factors, such as inconsistent IVIM pro-
tocol settings (especially b values), a limited 
number of subjects, and the use of differ-
ent built-in analysis software programs by 
different vendors, further study of the re-
lationship between IVIM parameters and 
the clinicopathologic factors of rectal can-
cer is needed. Therefore, the purpose of our 
study was to investigate the relationship be-
tween IVIM-DWI–derived parameters and 
clinicopathologic prognostic indicators in 
patients with rectal cancer to evaluate the 
feasibility of IVIM-DWI as a quantitative 
method for assessing tumor aggressiveness 
and predicting prognosis.

Subjects and Methods
Participants

This prospective study was approved by the in-
stitutional review board of China-Japan Friendship 
Hospital, and written informed consent was ob-
tained from all patients. Between August 2013 and 
August 2014, 118 consecutive patients with rectal 
cancer confirmed by endoscopic biopsy and with 
complete clinical data underwent 3-T MRI. The ex-
clusion criteria were as follows: preoperative neo-
adjuvant chemoradiotherapy (n  = 40); an interval 
between surgery and MRI of more than 4 weeks 
(n = 15); non–rectal adenocarcinoma confirmed by 
postoperative pathologic results (i.e., neuroendo-
crine tumor [n = 4]); poor image quality (i.e., heavy 
intestinal peristalsis artifacts [n = 5]); and the lesion 
was too small (diameter < 5 mm) or was too dif-
ficult to identify on DW images (n = 2). A total of 
52 patients were involved in the final analysis (Fig. 
1). The clinical data of the 52 patients are listed in 
Table 1. The median interval between the primary 
staging MRI examination and surgery was 16 days 
(range, 7–27 days).

Patient Preparation and Imaging Protocol
Patients had a low-residue diet before the MRI 

examination and fasted on the day of the examina-
tion. Intramuscular injection of 10 mg of anisoda-
mine hydrochloride was given to each patient ap-
proximately 10 minutes before MRI examination in 
the injection room to inhibit intestinal peristalsis.

Pelvic MRI scanning was performed on a 3-T 
whole-body scanner (Ingenia, Philips Healthcare) 
with a gradient strength of 45 mT/m and a gradi-
ent slew rate of 200 mT/m/ms using a 16-chan-

nel anterior torso coil and a 16-channel posterior 
table coil. Two-dimensional sagittal and coronal 
T2-weighted turbo spin-echo (TSE) sequences 
were performed using the following parameters: 
TR/TE, 3761/110; FOV, 24 × 24 cm; slice thick-
ness, 3 mm with a 0.3-mm gap; acquisition matrix, 
336 × 252; and number of signals averaged (NSA), 
3. A 2D axial T2-weighted TSE sequence was per-
formed perpendicular to the long axis of the rec-
tum at the level of the tumor using the following 
parameters: TR/TE, 3865/100; FOV, 14 × 14 cm; 
slice thickness, 3 mm with a 0.3-mm gap; and ac-
quisition matrix, 232 × 228.

Axial IVIM scanning was performed perpen-
dicular to the lesion in the same direction as the 
axial TSE T2-weighted series using a single-shot 
DWI sequence with the following parameters: 
TR/TE, 6000/76; FOV, 20 × 30 cm; slice thick-
ness, 4 mm with a 0.4-mm gap; acquisition ma-
trix, 80 × 144; NSA, 6; and eight b values (0, 25, 
50, 75, 150, 400, 800, and 1000 s/mm2). The scan-
ning time of IVIM was approximately 6 minutes 
30 seconds.

Image Analysis and Postprocessing
DW images were postprocessed on a worksta-

tion (Extended Workspace 4.1, Philips Health-
care) and analyzed using in-house software (IDL, 
version 6.3, IDL Software) [36]. The ADC was 
obtained using b values (0–1000 s/mm2) fitted to 
the monoexponential model. The IVIM parame-
ters—that is, the diffusion coefficient (D), perfu-
sion fraction ( f), and pseudodiffusion coefficient 
(D*)—were derived from the curve fit of the fol-
lowing equation [28]:

118 Patients with suspected rectal cancer underwent endoscopic 
biopsy and a pelvic MRI examination that included an IVIM-DWI sequence

55 Patients were excluded because of the following 
preoperative conditions:
• A history of chemoradiation treatment (n = 40)
• Interval of > 4 weeks between MRI and surgery (n = 15)

7 Patients were excluded because of the following:
• Intestinal motion artifacts on MRI examination (n = 5)
• Tumor < 5 mm (n = 2)

4 Patients were excluded because they had a 
neuroendocrine tumor (grade 1 or 2) that was confirmed
by surgical pathologic results

52 Patients with rectal cancer were included in the final 
study group

Fig. 1—Flowchart shows subject selection process and exclusion criteria. IVIM = intravoxel incoherent motion.
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Sb / S0 = (1 – f) exp(–bD) + f exp(–bD*),

where Sb is the signal intensity at a given b 
value, S0 is the signal intensity for a b value of 0 
s/mm2, and b is the b value. Two experienced radi-

ologists (10 and 8 years’ experience in gastrointes-
tinal imaging) who were blinded to the histologic 
results independently drew the ROI manually on 
all consecutive tumor slices of the DW images (b 
value = 1000 s/mm2). Once the polygonal ROI was 
drawn along the border of the high-signal-intensi-

ty area comprising the tumor to cover the entire 
tumor area on images obtained with a b value of 
1000 s/mm2, the position of the ROI was automati-
cally placed on IVIM parametric maps. All ROIs 
were carefully defined not to involve necrosis by 
referring to T2-weighted imaging. The parame-
ters of the ROIs on all slices (mean, 11 ± 3 slices; 
range, 5–20 slices) were averaged across all pixels 
in the ROIs (Fig. 2). 

The imaging indicators were CRM, EMVI, 
and bowel circumferential invasion [37]. A posi-
tive CRM was defined as a tumor or suspicious 
lymph node lying within 1 mm of the mesorec-
tal fascia. EMVI was considered positive if a sus-
picious tumor with intermediate signal intensity 
within the vessels was located beyond the muscu-
laris propria in the mesorectal fat. Bowel circum-
ferential invasion was assessed in the short axial 
plane; for this assessment, the bowel was divid-
ed into quarters: C1 indicated that the invasion 
was ≤ 1/4 of the bowel circumference; C2, > 1/4 
and ≤ 1/2 of the bowel circumference; C3, > 1/2 
and ≤ 3/4 of the bowel circumference; and C4, > 
3/4 of the bowel circumference. Two gastrointesti-
nal radiologists who were blinded to the patients’ 
clinical and pathologic information independently 
reviewed the MRI studies for the status of CRM, 
EMVI, and bowel circumferential invasion. Dis-
crepancies were resolved at a third analysis ses-
sion during which a decision was reached by con-
sensus of the two radiologists.

Pathology Evaluation
Surgical pathology results of all patients were 

analyzed by a pathologist with 6 years’ experience 
in gastrointestinal pathologic diagnosis. Speci-
mens were prepared into 5-mm slices. Then, the 
pathologic type, tumor differentiation (well differ-
entiated, moderately differentiated, or poorly dif-

TABLE 1: Clinicopathologic Factors of 52 Patients With Rectal Cancer

Factors Value

Age (y), mean ± SD 59.5 ± 13.7

Sex, no. (%) of patients

Male 30 (57.7)

Female 22 (42.3)

Lesion length (cm), mean ± SD 4.9 ± 1.5

Locationa, no. (%) of patients

Upper (> 10 cm) 12 (23.1)

Middle (5–10 cm) 25 (48.1)

Lower (< 5 cm) 15 (28.8)

Tumor grade, no. (%) of patients

Well differentiated 14 (26.9)

Moderately differentiated 22 (42.3)

Poorly differentiated 16 (30.8)

Tumor stage, no. (%) of patients

Stage I 17 (32.7)

Stage II 19 (36.5)

Stage III 11 (21.2)

Stage IV 5 (9.6)

Surgical procedure, no. (%) of patients

Dixon surgery 35 (67.3)

Miles operation 13 (25.0)

Hartmann surgery 4 (7.7)
aLocation is the distance from the inferior part of the tumor to the anal verge. 

A
Fig. 2—67-year-old man with newly diagnosed poorly differentiated rectal cancer (stage II; location, middle).
A, Axial T2-weighted image.
B, DW image obtained using b value of 1000 s/mm2 shows ROI (1, green outline) of tumor.
C, Pure diffusion color map shows ROI (1, outline) of tumor.

CB

(Fig. 2 continues on next page)
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ferentiated), tumor stage (according to the 7th edi-
tion of the American Joint Committee on Cancer 
[AJCC] TNM staging system) [38], and the pres-
ence of lymph node metastases were evaluated.

Clinical Indicators
Clinical indicators including the plasma levels 

of CEA and CA19-9 before surgery were record-
ed. A CEA value of ≥ 5 ng/mL and a CA19-9 value 
of ≥ 27 U/mL were considered elevated.

Statistical Analysis
Statistical analysis was performed using statisti-

cal software (SPSS, version 17.0 for Microsoft Win-
dows, IBM). The reproducibility of IVIM-MRI–de-
rived parameters between different observers was 
evaluated using intraclass correlation coefficients 
(ICCs) and Bland-Altman limits of agreement. ICC 
values less than 0.40 were taken to indicate poor 
reproducibility, whereas those ranging from 0.40 
to 0.59 were considered to indicate fair reproduc-
ibility, those ranging from 0.60 to 0.74 to indicate 
good reproducibility, and those 0.75 or greater to 
indicate excellent reproducibility. ANOVA analysis 
was used to compare IVIM-MRI–derived param-
eters among the various tumor grades, AJCC tu-

mor stages, and bowel circumferential invasion lev-
els (i.e., C1–C4). The relationships between IVIM 
parameters and pathology results (tumor differen-
tiation degrees and AJCC tumor stages) and bow-
el circumferential invasion were evaluated through 
Spearman correlation analysis. Considering the 
limited number of subjects with stage IV tumors, 
patients with stage IV tumors and those with stage 
III tumors were merged to become one group to be 
analyzed using the ANOVA and Spearman correla-
tion analysis. Independent-samples t test and Mann-
Whitney U test were conducted to test the differ-
ences between groups with positive and negative 
findings for lymph node metastases, normal and 
elevated CEA values, normal and elevated CA19-
9 values, positive and negative CRM, and positive 
and negative findings for EMVI. A p  < 0.05 was 
considered statistically significant.

Results
Interobserver Agreement

Excellent interobserver agreement was 
obtained for the IVIM-MRI–derived pa-
rameters ADC, pure diffusion coefficient, 
perfusion fraction, and pseudodiffusion coef-
ficient, with ICC values ranging from 0.9309–

0.9767, 0.9844–0.9948, 0.9437–0.9811, and 
0.9571–0.9857, respectively. According to 
Bland-Altman plots, the interobserver 95% 
limits of consistency of the IVIM-MRI-
derived parameters (ADC, pure diffusion 
coefficient, perfusion fraction, and pseu-
dodiffusion coefficient) were  –8.9% to 
9.0%,  –11.7% to 9.7%,  –14.1% to 11.5%, 
and –16.7% to 17.8%, respectively.

Correlation Between Intravoxel Incoherent 
Motion DWI Parameters and Tumor Grades

Fourteen cases of well-differentiated, 22 
cases of moderately differentiated, and 16 
cases of poorly differentiated tumors were 
confirmed by the pathology results. IVIM-
MRI–derived parameters tended to rise with 
higher degree of tumor differentiation (Table 
2). The ADC, pseudodiffusion coefficient, 
and perfusion fraction exhibited statistical-
ly significant differences (p < 0.01, p < 0.05, 
p < 0.01, respectively) among different tumor 
grades and were moderately correlated (r  = 
0.520, p  < 0.001; r  = 0.447, p  = 0.001; and 
r = 0.354, p = 0.010, respectively) with tumor 
grades. The post hoc analysis in ANOVA was 
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Fig. 2 (continued)—67-year-old man with newly diagnosed poorly differentiated rectal cancer (stage II; location, middle).
D, Pseudodiffusion coefficient color map shows ROI (1, outline) of tumor.
E, Perfusion fraction color map shows ROI (1, outline) of tumor.
F, Analysis curve based on biexponential model; x-axis shows b values, and y-axis shows logarithm of relative signal intensities, where S is signal intensity and S0 is 
signal intensity for b value of 0 s/mm2.

FE

TABLE 2: Intravoxel Incoherent Motion (IVIM) DWI–Derived Parameters of Rectal Cancers by Tumor Grade

IVIM-DWI Parameters

Tumor Grade

pWell Differentiated Moderately Differentiated Poorly Differentiated

ADC (× 10–3 mm2/s) 0.65 ± 0.09 0.57 ± 0.07 0.54 ± 0.10 < 0.01

Pure diffusion coefficient (× 10–3 mm2/s) 0.79 ± 0.45 0.75 ± 0.30 0.74 ± 0.39 0.92

Perfusion fraction (%) 32.54 ± 6.91 25.83 ± 5.90 23.67 ± 5.69 < 0.01

Pseudodiffusion coefficient (× 10–3 mm2/s) 91.89 ± 32.35 73.05 ± 20.55 67.40 ± 26.53 < 0.05

Note—Data are shown as mean ± SD. ADC = apparent diffusion coefficient.
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selected to evaluate the differences between 
subgroups of tumor grade. We found that the 
ADC value of well-differentiated tumors was 
higher than that of moderately differentiated 
(p < 0.05) and poorly differentiated (p < 0.05) 
tumors, and similar differences between tu-
mor grades were observed for the pseudodif-
fusion coefficient values (well differentiated 
vs moderately differentiated, p  < 0.05; well 
differentiated vs poorly differentiated, p  < 
0.05) and perfusion fraction values (well dif-
ferentiated vs moderately differentiated, p < 
0.01; well differentiated vs poorly differenti-
ated, p < 0.001). However, no significant dif-
ferences in these parameters were seen be-
tween moderately differentiated tumors and 
poorly differentiated tumors (p  = 0.28 for 
ADC, p  = 0.51 for pseudodiffusion coeffi-
cient, and p = 0.29 for perfusion fraction).

Correlation Between Intravoxel Incoherent 
Motion MRI–Derived Parameters and the 
Presence of Lymph Node Metastases

Lymph node metastases were present in 
16 of the 52 patients. Patients with metas-
tases had lower values than patients with-
out metastases for the following parameters: 
ADC (mean, 0.56 ± 0.07 vs 0.59 ± 0.10 × 10−3 

mm2/s), pure diffusion coefficient (0.56  ± 
0.29 vs 0.85 ± 0.36 × 10−3 mm2/s), perfusion 
fraction (24.35% ± 7.16% vs 28.14% ± 6.65%), 
and pseudodiffusion coefficient values 
(59.06 ± 16.44 vs 84.08 ± 27.74 × 10−3 mm2/s). 

Significant differences were observed in the 
pure diffusion coefficient (p < 0.01) and pseu-
dodiffusion coefficient (p < 0.01).

Correlation Between Intravoxel Incoherent Motion 
MRI–Derived Parameters and Tumor Stage

Seventeen cases of stage I, 19 cases of 
stage II, 11 cases of stage III, and five cases 
of stage IV tumors were confirmed accord-
ing to the seventh edition of AJCC tumor 
staging system [38].

The pure diffusion coefficient and pseu-
dodiffusion coefficient showed statistically 
significant differences among different stag-
es (p < 0.01; p < 0.001) and were moderately 
correlated (r = 0.479; r = 0.517) with different 
stages. The post hoc analysis using ANOVA 
was selected to determine the differences be-
tween subgroups of tumor stage. We found 
that the pure diffusion coefficient of stage 
I tumors was higher than that of stage II tu-
mors (p < 0.01) and stage III and IV tumors 
(p < 0.01), but the pure diffusion coefficients 
showed no significant difference between the 
latter two subgroups (p = 0.23) (Fig. 3A). Sim-
ilar differences were observed in pseudodiffu-
sion coefficient (stage I vs stage II, p < 0.05; 
stage I vs stages III and IV, p < 0.05; stage II 
vs stages III and IV, p = 0.07) between sub-
groups of tumor stage (Fig. 3B). However, 
ADC and perfusion fraction values showed no 
statistically significant differences among the 
subgroups of tumor stages (p = 0.33; p = 0.26).

Correlation Between Intravoxel Incoherent 
Motion MRI–Derived Parameters and 
Carcinoembryonic Antigen and Cancer Antigen 
19-9 Values

There was no statistically significant dif-
ference in IVIM-MRI–derived parameters 
between patients with a normal CEA value 
(n  = 35) and those with a high CEA value 
(n = 17), or between patients with a normal 
CA19-9 value (n = 41) and those with a high 
CA19-9 value (n = 11). However, the ADC, 
pure diffusion coefficient, perfusion fraction, 
and pseudodiffusion coefficient tended to be 
lower in patients with a high CEA value and 
those with a high CA19-9 value than in pa-
tients with normal values (Table 3).

Correlation of Intravoxel Incoherent Motion 
MRI–Derived Parameters With Circumferential 
Resection Margin, Extramural Vascular 
Invasion, and Circumferential Involvement

There was no statistically significant dif-
ference in IVIM-MRI–derived parame-
ters between groups with positive and nega-
tive CRM: ADC, 0.58 ± 0.10 versus 0.59 ± 
0.07 × 10−3 mm2/s; pure diffusion coefficient, 
0.74 ± 0.38 versus 0.77 ± 0.37 × 10−3 mm2/s; 
perfusion fraction, 27.71%  ± 6.94% versus 
25.15% ± 6.91%; and pseudodiffusion coef-
ficient, 74.63 ± 24.66 versus 80.71 ± 33.42 × 
10−3 mm2/s. The pseudodiffusion coefficient 
value of patients with positive EMVI was 
lower than that in patients with no EMVI (p < 
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Fig. 3—Box plots.
A and B, Box plots of pure diffusion coefficients (A) and pseudodiffusion coefficients (B) in different tumor stages according to 7th edition of the American Joint 
Committee on Cancer (AJCC) TNM staging system [38]. Top and bottom of boxes are first and third quartiles, respectively. Length of box represents interquartile range 
within which 50% of values were located. Midline within box represents median value. Cross lines above and below mark maximum and minimum values, respectively. 
Data points () outside box are outliers and are smaller than lower quartile minus 1.5 times interquartile range or larger than upper quartile plus 1.5 times interquartile 
range.
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0.05). There was no statistically significant 
difference between the patients with EMVI 
and the patients with no EMVI for the follow-
ing parameters: ADC (0.57 ± 0.08 vs 0.59 ± 
0.10 ×10−3 mm2/s), pure diffusion coefficient 
(0.75  ± 0.36 vs 0.79  ± 0.40×10−3 mm2/s), 
and perfusion fraction (27.26%  ± 7.28% vs 
26.27% ± 6.29%). Patients with C1 involve-
ment (n = 2) were grouped with patients with 
C2 involvement (n = 16) because of the lim-
ited number of patients with C1 involvement. 
There was no statistically significant differ-
ence in IVIM-MRI–derived parameters be-
tween patients with different levels of bowel 
circumferential invasion (Table 4).

Discussion
IVIM theory suggests that the signal in-

tensity of DWI comes not only from the dif-
fusion of free water in the intercellular space 

but also from the perfusion of the blood cap-
illary network. The diffusion component has 
a larger weighting factor when a higher b val-
ue is used. Sun et al. [22] reported that the 
ADC value in single-exponential DWI per-
formed with a b value of 800 s/mm2 is about 
1.20–1.53 × 10−3 mm2/s for rectal adenocar-
cinoma. Curvo-Semedo et al. [24] reported 
that the ADC value of rectal tubular adeno-
carcinoma derived for the single-exponen-
tial model with b values of 0, 500, and 1000 
s/mm2 is about 0.98–1.32 × 10−3 mm2/s. To 
eliminate the influence of perfusion, Ha et 
al. [23] used a combination of b values (i.e., 
150 and 1000 s/mm2) to calculate the ADC 
in their work and got an ADC value of 0.43–
0.63 × 10−3 mm2/s. These previous studies 
have indicated that the ADC value in the sin-
gle-exponential DWI model varies with dif-
ferent b value settings and that ADC values 

are not consistent between studies because 
equipment from different vendors was used 
[22–26]. The ADC value decreases with 
higher b values because of the lower perfu-
sion-weighted factor. IVIM theory using the 
biexponential DWI model not only has the 
ability to provide the perfusion fraction and 
pseudodiffusion coefficient as parameters 
that reflect perfusion but also can provide the 
pure diffusion coefficient as a parameter of 
the pure diffusion of free water [28].

Although few applications of IVIM-DWI 
in patients with rectal cancer have been pub-
lished in the literature to our knowledge, the 
ADC value derived from the single-expo-
nential model has already been applied to the 
grading of rectal cancer with mixed results 
[22, 24, 25]. No statistically significant dif-
ference was observed by Elmi et al. [26], al-
though nonzero b values were used to calcu-

TABLE 3: Intravoxel Incoherent Motion (IVIM) DWI–Derived Parameters of Rectal Cancers by Preoperative Plasma 
Carcinoembryonic Antigen (CEA) Level and Cancer Antigen 19-9 (CA19-9) Level

IVIM-DWI Parameters
High CEA Value  

(n = 17)
Normal CEA Value 

(n = 35) p
High CA19-9 Value 

(n = 11)
Normal CA19-9 Value 

(n = 41) p

ADC (× 10–3 mm2/s) 0.56 ± 0.06 0.59 ± 0.11 0.31 0.58 ± 0.03 0.58 ± 0.11 0.78

Pure diffusion coefficient (× 10–3 mm2/s) 0.67 ± 0.31 0.80 ± 0.39 0.22 0.63 ± 0.29 0.80 ± 0.38 0.18

Perfusion fraction (%) 24.46 ± 5.80 28.19 ± 7.23 0.07 25.00 ± 7.55 27.50 ± 6.80 0.54

Pseudodiffusion coefficient (× 10–3 mm2/s) 71.59 ± 21.56 78.71 ± 29.66 0.38 71.90 ± 21.54 77.59 ± 78.73 0.55

Note—Data are shown as mean ± SD. A CEA value of ≥ 5 ng/mL was considered to be high, and a CA19-9 value of ≥ 27 U/mL was considered to be high. ADC = apparent 
diffusion coefficient.

TABLE 4: Intravoxel Incoherent Motion DWI–Derived Parameters of Rectal Cancers by the Status of the 
Circumferential Resection Margin (CRM), Presence of Extramural Vascular Invasion (EMVI), and Extent of 
Bowel Circumferential Involvement

Imaging Indicators
ADC  

(× 10–3 mm2/s) p

Pure Diffusion 
Coefficient 

(× 10–3 mm2/s) p
Perfusion Fraction 

(%) p

Pseudodiffusion 
Coefficient  

(× 10–3 mm2/s) p

CRMa 0.81 0.77 0.47 0.23

Positive (n = 15) 0.58 ± 0.10 0.74 ± 0.38 27.71 ± 6.94 74.63 ± 24.66

Negative (n = 37) 0.59 ± 0.07 0.77 ± 0.37 25.15 ± 6.91 80.71 ± 33.42

EMVIb 0.58 0.69 0.65 < 0.05

Positive (n = 17) 0.57 ± 0.08 0.75 ± 0.36 27.26 ± 7.28 70.72 ± 25.86

Negative (n = 35) 0.59 ± 0.10 0.79 ± 0.40 26.27 ± 6.29 90.35 ± 26.39

Bowel circumferential involvementc 0.24 0.63 0.89 0.49

C1 and C2 (n = 18)d 0.61 ± 0.08 0.83 ± 0.38 27.87 ± 7.50 83.55 ± 29.37

C3 (n = 21) 0.56 ± 0.11 0.65 ± 0.37 26.99 ± 6.94 66.23 ± 22.31

C4 (n = 13) 0.59 ± 0.09 0.84 ± 0.32 25.71 ± 6.59 82.85 ± 28.39

Note—Data are shown as mean ± SD. ADC = apparent diffusion coefficient.
aA positive CRM was defined as a tumor or suspicious lymph node lying within 1 mm of the mesorectal fascia. 
bEMVI was considered positive if a suspicious tumor with intermediate signal intensity within the vessels was located beyond the muscularis propria in the mesorectal 

fat.
cC1 indicated that the invasion was ≤ 1/4 of the bowel circumference; C2, > 1/4 and ≤ 1/2 of the bowel circumference; C3, > 1/2 and ≤ 3/4 of the bowel circumference; and 

C4, > 3/4 of the bowel circumference.
dPatients with C1 involvement (n = 2) were grouped with patients with C2 involvement (n = 16) because of the limited number of patients with C1 involvement.
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late the ADC in another study [30]. That result 
may have been caused by the mixing of data 
from different scanners and different b val-
ues. Curvo-Semedo et al. [24] have reported 
that the ADC is lower with less differentiated 
rectal tumors (p = 0.025), and the same trend 
was evident in the study by Sun et al. [22] but 
with no statistically significant difference. In 
our study, the perfusion-related parameters 
perfusion fraction and pseudodiffusion coef-
ficient showed statistically significant differ-
ences between tumor differentiation groups 
(F = 8.503, p = 0.001; F = 3.635, p = 0.034) 
and showed some correlation among differen-
tiation groups (r = 0.447, p = 0.001; r = 0.354, 
p = 0.010). Although the pure diffusion coef-
ficient also showed a decreasing trend along 
with poorer differentiation, there was no sta-
tistically significant difference between tumor 
differentiation groups. These findings con-
firming that there is no significant difference 
in water diffusion between tumor differentia-
tion groups are consistent with previous work 
[39]. A previously reported positive correla-
tion can be explained by the effect of a low b 
value setting on perfusion [40].

In the current study, the pseudodiffusion 
coefficient and perfusion fraction increased 
with greater tumor differentiation. Accord-
ing to IVIM theory [28], the pseudodiffu-
sion coefficient (D*) is related to perfusion 
according to the following equation:

D* = (l × v) / 6,

where l means the length of the capillary 
segment and v is the average velocity of 
blood in the capillary [41]. According to Le 
Bihan et al. [28], the perfusion fraction is 
the partial volume of the whole capillary 
vascular fraction, and Duong and Kim [40] 
further suggested that the component of the 
arterial blood played a more vital role than 
the venous component for the parameter 
perfusion fraction at low b values. Thus, the 
correlation between perfusion-related pa-
rameters and tumor differentiation may in-
dicate that the capillary vascular network is 
relatively well developed in well-differenti-
ated tumors. This result is consistent with 
previous findings using perfusion CT [42–
44]. In poorly differentiated tumors, the tu-
mor cells grow very fast, leading to poor 
structure of lumenized vessels, which re-
sults in less perfusion of the microcircula-
tion. This phenomenon is reflected in low-
er perfusion-related parameters, such as the 
pseudodiffusion coefficient and perfusion 

fraction, in poorly differentiated tumors. 
Recent studies have shown some correlation 
among the pseudodiffusion coefficient, per-
fusion fraction, and microvessel density in 
CRC tumors, confirming that IVIM param-
eters may provide important information 
for assessing tumor grade and other biologic 
features in patients with CRC [34, 35]. The 
TE—that is, the time between giving the ra-
diofrequency pulse and the peak of the echo 
signal—is a factor that can affect the val-
ue of the perfusion fraction [45]. However, 
this effect would not have any impact on our 
conclusions because the same TE was used 
in every patient in our study.

Many studies have focused on the stag-
ing of rectal cancer using DWI. Curvo-Se-
medo et al. [24] reported that there was no 
correlation between the average ADC val-
ue of tumors and T stages or CEA values. 
On the other hand, Sun et al. [22] observed 
that ADC values decreased with high-
er tumor stages. In our study, ADC results 
showed a similar trend. However, our re-
sults also showed that there were statistical-
ly significant differences between different 
stages in both the pure diffusion and pseu-
dodiffusion coefficient values, both of which 
were negatively correlated with the stages. In 
addition, the pure diffusion and pseudodiffu-
sion coefficient values of tumors were lower 
in patients with lymph node metastases than 
in those without metastases, and similar find-
ings, using ADC values, have been reported 
not only in rectal cancer [46], but also in na-
sopharyngeal carcinoma [33]. These results 
suggest that tumors with lower ADC, pure 
diffusion, and pseudodiffusion coefficient 
values might exhibit more aggressive biolog-
ic behavior.

The tumor marker level is one of the most 
important factors affecting prognosis [9, 10]. 
Although no statistically significant differ-
ence in DWI-derived parameters between pa-
tients with and those without increased CEA 
and CA19-9 levels was found in this study, all 
of the these parameters showed a decreasing 
trend with the rise of CEA and CA19-9 lev-
els. EMVI is an important imaging marker 
for surgery, because it can indicate that the tu-
mor has broken through the muscularis pro-
pria [13–15, 17, 37]. In this study, the pseudo-
diffusion coefficient was lower in patients with 
positive EMVI than in those with no EMVI. 
These results are consistent with other tumor 
staging data, which also showed that tumors of 
an advanced stage had lower pseudodiffusion 
coefficient values. Further research is needed 

to evaluate the prognostic value of IVIM-DWI 
parameters compared with existing tumor 
markers and other imaging indicators.

Our study had some limitations. One limi-
tation is the selection bias that may have been 
caused by the fact that patients were limited 
to those who would undergo surgery with-
out a history of radiation or chemotherapy. 
Another limitation is the small sample size, 
especially for some groups. This may be the 
reason that only a trend has been seen in sev-
eral correlation analyses, without statistical-
ly significant differences. Further work with 
a larger sample size may reveal more statis-
tically significant results. Third, considering 
the limited signal-to-noise ratio in DW im-
ages, a different slice thickness and gap were 
adopted for axial T2-weighted images and 
IVIM sequences. This difference in settings 
may result in a lack of direct comparison be-
tween the two sequences and may limit iden-
tification of areas of necrosis slice by slice. 
Moreover, tumor necrosis would be better 
observed on contrast-enhanced T1-weighted 
imaging [47, 48], which was not included in 
this study, than on T2-weighted imaging. Fi-
nally, the way in which the ROIs are drawn 
is critical in IVIM-DWI because of the huge 
variations in the parameters [49]: A single 
small ROI may highlight the extrema, where-
as a large ROI can reduce the variation by av-
eraging. The whole-tumor consecutive slices 
were chosen in this work to balance the rep-
resentation and variation. Only the biexpo-
nential model was used in this work because 
its feasibility has already been tested wide-
ly. The ideal image-processing methodology 
to describe lesion heterogeneity, such as pa-
rameter histogram descriptors, should be ex-
plored in future studies.

In conclusion, IVIM parameters showed a 
decreasing trend with increasing tumor stages 
and grades in rectal cancer and could possibly 
provide useful information about diffusion 
and perfusion, which can be helpful in pre-
dicting tumor aggressiveness and prognosis.
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沿ったリンパ節転移の強力な決定因子である 

課程博士 

唐 春花 
大坪医院(第三軍医大学附属第三医院)・主治医師 慶應義塾大学医学部内科学教室(神経内科) 中原 仁 

教授 家族性片麻痺性頭痛２型モデルマウスを用いた片頭痛病態の解明 論文博士 

張   順 

上海市東方医院(同済大学附属東方医院)・主治医
師 

順天堂大学大学院医学研究科 
消化器・低侵襲外科学 福永 哲 

教授 The Relationship between p21 and Carboxylesterase 2 Expression in human 
Colorectal Cancer Cells 

論文博士 

許 文成 
湖北省中医院・主管薬師 東京薬科大学薬学部臨床薬理学教室 平野 俊彦 

教授 ヒト末梢血リンパ球に対する生薬成分の効果 論文博士 

李 弘揚 
天津中医薬大学・修士 金沢大学附属病院漢方医学科 小川 恵子 

臨床教授・ 
特任准教授 画像解析技術を用いた人体における漢方薬の評価 課程博士 

徐 妍妍 
中日友好医院・住院医師 

琉球大学大学院医学研究科放射線診断治療
学 村山 貞之 

教授 
超多列 CT，超高精細 CT 等を用いた胸部疾患の研究 論文博士 
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