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Abstract. - OBJECTIVE: This study adopted
self-control study method to assess the effica-
cy of fresh blood imaging (FBI) and contrast-en-
hanced MR angiography (CE-MRA) for patients
with diabetic lower extremity arterial disease
(DLEAD) (Fontaine stage | to V), and to evaluate
the imaging of lower extremity peripheral arteri-
al disease (PAD) in different stages of diabetes
mellitus (DM).

PATIENTS AND METHODS: 1. This study re-
cruited 44 diabetic patients with suspected low-
er extremity PAD to take both FBI and CE-MRA.
2. Two experienced cardiovascular radiologists
assessed the image quality, the detection of
lower extremity arterial branches, and tissue
contamination (veins, arteries, and soft tissues)
of FBI and CE-MRA, as well as the presence and
severity of stenotic lesions. 3. Statistical differ-
ences of the quality of FBl and CE-MRA were de-
termined using paired t-test. 4. Correlation anal-
ysis was adopted for determining the direction
and strength of the relationship between the
changes of the indexes of FBI and the different
Fontaine stages.

RESULTS: 1. The quality evaluation results
of the image of lower extremity arteries from
the 44 diabetic patients indicated no statistical-
ly significant difference between FBI and CE-
MRA in the patients with Fontaine stage I-lll (p
>0.05). However, a statistically significant dif-
ference was observed in the patients with Fon-
taine stage IV (p <0.05), and the quality of FBI
was slightly worse. 2. Arterial branches that ob-
served from FBl and CE-MRA were 885 and 904,
respectively. There was no statistically signif-
icant difference for the arterial branches be-
tween FBI and CE-MRA in the patients with Fon-
taine stage I-1ll (p >0.05). However, a statistical-
ly significant difference was observed in the pa-
tients with Fontaine stage IV (p <0.05), and CE-
MRA indicated more artery branches than FBI.
3. There was a statistically significant difference
for the evaluation of venous contamination be-
tween FBI and CE-MRA (p <0.05), and there was
less venous contamination using FBI. 4. The

study results indicated that with Fontaine stag-
es going on the FBI’'s image quality and arterial
branches reduced gradually, and the degree of
tissue interference and arteriostenosis was ris-
ing gradually.

CONCLUSIONS: The results of this study in-
dicated that using FBI in lower extremity PAD of
diabetics had good quality and high diagnostic
accurancy, and the tissue contamination (veins
and soft tissues of calf) was effectively avoid-
ed. Especially in Fontaine stage I-1ll, FBI can be
used as an alternative technique of CE-MRA,
and it also can be used in diabetic patients with
renal impairment in Fontaine IV.
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Introduction

Diabetes mellitus (DM) is a well-known risk
factor that causes progressive arteries atheroscle-
rosis, and can double the risk of getting lower
extremity peripheral arterial disease (PAD)'. Ac-
cording to a research study from Yang et al’, the
incidence of DM in adults over 20-years-old in
China was 9.7%, and about 20% of the patients
with lower extremity PDA had DM. Hiatt et al’
suggested that the risk of getting lower extremity
PDA increased gradually with the development
of severity and the prolongation of the course
of DM. The prevalence rate of lower extremity
amputation in patients with DM was 7-15 times
higher than non-diabetics*. There is no apparent
clinical manifestation of lower extremity PAD,
and about 60% of lower extremity gangrene and
amputation in diabetic patients were caused by
lacking of early detection, early diagnosis and
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timely treatment. Therefore, an early and accurate
diagnosis with an individualized treatment plan
for diabetic patients with lower extremity PAD
can increase the therapeutic efficacy and reduce
the complications of lower extremity PAD".

In recent years, imaging methods for lower
extremity PAD diagnosis have experienced hu-
ge changes. Contrast-enhanced MR angiography
(CE-MRA) has been identified as a very essen-
tial and cost-effective method for noninvasive
imaging modalities of lower extremity arteries.
Many researchers believed that the effectiveness
of using CE-MRA for lower extremity PDA in
diabetic patients can be equivalent to digital
subtraction angiography (DSA)®. Michael et al’
also suggested that DSA should be performed in
patients who need percutaneous transluminal an-
gioplasty (PTA) after the evaluation of CE-MRA.
With increase reports on nephrogenic systemic
fibrosis (NSF), it is identified that using gadoli-
nium-based contrast agents (GBCA) in patients
with severe renal dysfunction can cause NSF. The
reasons of causing fibrosis and NSF may be the
retention of gadolinium-containing contrast agen-
ts in the human body, and the release and deposi-
tion of gadolinium ion (Gd*"). Hence, glomerular
filtration rate (GFR) <30 ml/min is regarded as a
contraindication of CE-MRA examination®.

Non CE-MRA (NCE-MRA) with the characteri-
stics of non-invasive and no renal impairment cau-
sed by contrast agents has been widely recognized
by researchers’. As early as 2003, Miyazaki et al'
suggested that fresh blood imaging (FBI) was an
appropriate technique to use for lower extremity
arterial examination with a good signal-to-noise
ratio (SNR), and FBI didn’t rely on blood inflow
effect. In 1980, Wedeen et al'! firstly used this
technology to perform vascular anatomy imaging
research on 0.6 T MR. After years of applied re-
search, the practical value of FBI in whole-body
magnetic resonance angiography (WB-MRA) has
been proved. Furthermore, FBI can also be used
to perform the imaging of veins, lumbar arteries,
and lower extremity arteries'?. Research studies'*'
indicated that FBI has relatively high sensitivity
and specificity for the diagnosis of lower extremity
PAD. However, there was no literature focus on
the practical value of using FBI for the diagnosis
of lower extremity PAD in diabetic patients with
different Fontaine stages'.

This investigation adopted a self-control study
method to assess the efficacy between FBI and
CE-MRA for the diagnosis of lower extremity
PAD in 4 groups of diabetic patients with dif-

ferent Fontaine stages. This paper discussed the
relationship between the changes of the indexes
of FBI and the different Fontaine stages, and
whether FBI could be replaced by CE-MRA by
analyzing the practical value of FBI in patients
with different Fontaine stages. Thus, the results of
this work provide sufficient evidence for the indi-
vidualized application of FBI in clinical practice,
and to guide optimal clinical treatment for diabe-
tic patients with lower extremity PAD.

Patients and Methods

This study recruited 44 diabetic patients with
suspected lower extremity PAD from December
1™ 2013 to December 31" 2014. The 44 patients
participated in the study voluntarily and written
informed consent was obtained for each parti-
cipant. The demographic characteristics of the
participants were 27 female and 17 male patients
with an age range between 51 to 80 years old,
mean age 61.7£1.9 years old, and 2-25 years
diabetes history. The diagnosis of DM was confir-
med according to American Diabetes Association
(ADA) 2013 criteria of diabetes mellitus'®, and
the majority of the participants had unsatisfactory
blood glucose control.

Patients were divided into four groups accor-
ding to the Fontaine et al classification (Fontaine
stage I-V)'5. Group 1 (Fontaine stage I): asymp-
tomatic. Group 2 (Fontaine stage II): local ische-
mia, two sub-stages can be further divided: stage
IIa (intermittent claudication after more than 200
meters of pain-free walking), stage IIb (inter-
mittent claudication after less than 200 meters
of pain-free walking). Group 3 (Fontaine stage
III): severe ischemic rest pain appeared. Group 4
(Fontaine stage IV): gangrene or ischemic ulcers,
patients developed limb ulcers or gangrene, can
also be combined with infections

Exclusion criteria included: 1. Severe renal
function impairment (GRF <30 ml/min), 2. Pa-
tients with contraindications to MRI (including
patients with a pacemaker, defibrillator or wires
in body, metallic foreign body in the eye, deep
brain stimulator, Swan-Ganz catheter, bullets or
gunshot pellets, cerebral aneurysm clips, coch-
lear implant, magnetic dental implants, as well
as claustrophobic), 3. Patients with the history of
lower extremity arterial surgery.

Examination Facility and Scanning
Methods

Imaging was performed on the Toshiba Exce-
lart Vantage 1.5T MRI machine (Toshiba, Otawa-
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Table I. Scanning parameters of CE-MRA and FBI.

Parameters CE-MRA FBI
Time of repetition, TR 5.9 ms 2949 ms
Time of echo, TE 2.7 ms 80 ms
Field of view, FOV 42 ¢cm?2 44 ¢cm?2
Imaging flip angle 20° 90°
PE-matrix 192 x 320 256 x 256
Slice thick 4 mm 3.5 mm

ra, Tochigi, Japan). Eight-channels speed phased
array coil, 32 units phased chest/lumbar and ECG
gating were used. Patients were in supine position
and feet in first. Sponge-cushion was placed in
patients’ ankles, in order to keep calf in accordan-
ce with ankles. Knees and ankles were fixed with
strips, in order to reduce motion artifacts.

FBI scan: Based on 3D electrocardiogram-ga-
ted (ECG-gated) fast spin echo (FES) sequence,
the bright-blood images of arteries and veins du-
ring diastolic period, and the black blood images
of arteries and veins during the systolic period
were collected. Images of lower artery were col-
lected after subtraction.

CE-MRA scan: The CE-MRA scan sequence
was set as five-period consecutive dynamic scan.
Venous injections were performed using intra-
venous contrast agents with injection rate to 2.5
ml/s, and delay time was set as 10 sections. Do-
tarem Gadoterate Meglumine contrast agent was
used with a total dose of 0.1 mmol/kg. Scanning
parameters of FBI and CE-MRA can be referred
to Table 1.

Image Processing and Analysis Methods
of FBI and CE-MRA

After scanning, maximal intensity projection
(MIP) was used to collect the original images of
FBI and CE-MRA. The parameters of original
imaging and MIP imaging were observed and
collected by 2 experienced cardiovascular radio-
logists at the same time. According to Transatlan-
tic Inter-Society Consensus 1T (TASC II)", crural
arteries were divided into 11 segments. Likert
four-point rating scale was used to evaluate the
image quality (0 point=very bad, quit treatment;
1 point=bad, unconfident treatment; 2 points=-
moderate, fuzzy diagnosis; 3 points=good, treat-
ment; 4 points=very good, confident treatment).
Tissue contamination (veins, arterial pulse and
soft tissues) was rated with three-point rubric (0
point=none or little; 1 point=slight to moderate; 2
points=significant, interference diagnosis)'®.

Statistical Analysis

SPSS Statistics Version 19.0 (IBM Corp., Ar-
monk, NY, USA) was used for all statistical
analysis. A t-test was used to analyze the FBI and
CE-MRA as a diagnostic reference standard. p
<0.05 was considered as a statistical difference,
while p <0.01 was considered as a significantly
statistical difference.

Results

Clinical Features of Lower Extremity PAD
in Diabetic patients

The clinical features of the 44 diabetic patien-
ts with lower extremity PAD can be referred to
Table II. Among the 44 patients, 16 patients, 11
patients, 12 patients and 5 patients can be clas-
sified as Fontaine stage I, II, Il and IV period,
respectively. The demographic characteristics of
the participants were 27 female and 17 male
patients with 2-25 years diabetes history, and all
the participants had unsatisfactory blood glucose
control. The clinical symptoms and severity of
lower extremity PAD in diabetic patients incre-
ased along with the increase of age of onset, the
length of disease, fasting blood glucose (FBG),
two-hour postprandial blood glucose (2h PBG)
and glycosylated hemoglobin (GHDb).

Comparison Analysis of Imaging
Parameters between FBI and CE-MRA

Comparison of Image Quality between FBI
and CE-MRA

Comparison analysis of imaging quality
between FBI and CE-MRA suggested that the-
re was no statistical difference in overall image
quality (t =-1.77, p >0.05). There was no sta-
tistically significant difference between FBI
and CE-MRA in the patients with Fontaine
stage [-11I (t =-1.00, p >0.05). However, stati-
stically significant difference was observed in
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Table II. Clinical features of lower extremity PAD in the 44 diabetic patients.

Diabetic patients (n=44)
Clinical Features Fontaine stage | Fontaine stage Il Fontaine stage lll Fontaine stage 4
(mean/range) (n=16) (n=11) (n=12) (n=5)
Gender (male/female) 4/12 5/6 5/7 3/2
Age (years) 62.9/51-80 62.2/51-72 68.2/58-80 67.8/57-76
The length of disease (years) 3.9/2-10 12.2/5-20 12.5/4-18 20/17-25
FBG (mmol/L) 8.8/6.2-15.6 12.7/6.51-25.32 11.5/6.82-21.33 18.0/8.78-22.37
2h PBG (mmol/L) 12.4/7.5-20.4 16.1/8.7-27.9 16.5/8.9-28.9 22.0/10.3-28.9
GHb (%) 7.6/6.1-12.4 10.8/6.1-18.8 10.7/6.2-17.4 13.2/6.5-17.8

FGB: fasting blood glucose, 2h PBG: two-hour postprandial blood glucose, GHb: glycosylated hemoglobin.

the patients with Fontaine stage IV (t =-3.67,
p <0.05), and the quality of FBI was slightly
worse (Table III).

The Detection of Lower Extremity Arterial
Branches from FBI and CE-MRA

In the 44 diabetic patients with lower extre-
mity PAD, FBI and CE-MRA indicated 885 and
904 segments, respectively, and there was no
statistical difference (t =-1.61, p >0.05). In the
patients with Fontaine stage [, FBI and CE-MRA
indicated 332 and 324 segments, respectively (t
=1.83, p >0.05). In the patients with Fontaine
stage II, FBI and CE-MRA indicated 224 and
226 segments, respectively (t =-1.00, p >0.05).
In the patients with Fontaine stage II, FBI and
CE-MRA indicated 245 and 250 segments, re-
spectively (t =-1.45, p >0.05). Thus, there was
no statistical difference between FBI and CE-
MRA in the patients with Fontaine stage I-III.
However, in the patients with Fontaine stage IV,
FBI and CE-MRA indicated 84 and 104 segmen-
ts, respectively (t =-3.51, p <0.05). There was a
statistical difference between FBI and CE-MRA
in the patients with Fontaine stage IV. Therefore,
there was no difference between FBI and CE-

MRA in patients with Fontaine stage I-I11, while
FBI is worse than CE-MRA in patients with
Fontaine stage I'V.

Rating results of tissue contamination
(veins, arterial pulse and soft tissues)
of FBI and CE-MRA

Rating results of tissue contamination of FBI
included 38 patients with 0 point, and 6 patien-
ts with 1 point (the contamination of arterial
pulse). Rating results of tissue contamination
of CE-MRA included 1 patient with 0 point, 30
patients with 1 point, 13 patients with 2 points,
and the contamination was mainly occurred in
veins and soft tissues. According to the rating
results above, the tissue contamination of FBI
was significantly less than CE-MRA (t =-14.782,
p <0.01), and the contamination of arterial pulse
did not impact on the diagnosis. Thus, using FBI
can effectively avoid the tissue contamination
from imaging examination (Table IV).

Comparison Analysis of Imaging Parameters
Using FBI (Fontaine Stage V)

With the increase of the severity in different
Fontaine stages, the imaging quality and the de-

Table Ill. Comparison of Image Quality between FBI and CE-MRA (n=44, x + s).

FBI, CE-MRA,
n (mean = SD) (mean = SD) t-statistics p-value
Overall 44 245+1.20 2.52+1.20 -1.77 0.08
Fontaine stage I 16 2.88 +£0.99 2.94+0.97 -1.00 0.33
Fontaine stage I1 11 273 +£0.96 2.82+1.03 -1.00 0.34
Fontaine stage III 12 1.92 £ 1.19 2.00+1.15 -1.00 0.34
Fontaine stage [V 5 1.80 + 1.47 3.60 +0.49 -3.67 0.02*

FBI: fresh blood imaging, CE-MR A: contrast-enhanced MR angiography *p<0.05.
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Table IV. The detection of lower extremity arterial branches from FBI and CE-MRA (n=44, x+s).

CE-MRA,
n FBI, (mean = SD) (mean = SD) t-statistics p-value
Overall 44 20.11+2.22 20.55+1.92 -1.61 0.12
Fontaine stage [ 16 20.75+1.98 20.25+1.95 1.83 0.09
Fontaine stage 11 11 20.36+2.35 20.55+2.06 -1.00 0.34
Fontaine stage I11 12 20.42+1.38 20.83+1.4 -1.45 0.18
Fontaine stage [V 5 16.85+1.17 20.80+1.40 -3.51 0.03"

FBI: fresh blood imaging, CE-MRA: contrast-enhanced MR angiography. »p<0.05

tected number of lower extremity arterial bran-
ches decreased, while the tissue contamination
gradually increased (Figure 1).

Discussion

The Principles of FBI

FBI is an unenhanced magnetic resonance
angiography technique that uses pulsatile blo-
od flow to generate vascular contrast. In 2000,
Miyazaki et al'’ developed and refined a tech-
nique using 3D single-shot FSE (SSFSE) and
defined the technique as FBI. At early time, FBI
based on spin echo was too slow for practical
application. There were some problems, for
example, these delays were based solely on he-
art rates as the heart rates varied by individuals
and signal was lost easily, and it took a long ti-

me to complete scan?’. Hence, 3D FBI methods
usually involve a multi-phase ECG-gated 2D
SSFSE acquisition that acquires increasing de-
lays throughout all phases of the cardiac cycle.
These images are evaluated to obtain the hi-
ghest vascular contrast, in order to determine
the appropriate trigger delays for systolic and
diastolic phase. Finally, the images of systolic
and diastolic phase will be subtracted with the
retaining of arterial images.

The Advantages of FBI

FBI had the following advantages®': 1. The
application of 3D half-Fourier FSE effectively
reduced motion artifacts by reducing the sin-
gle-shot time. The single half-Fourier FSE time
with 256x256 matrix was below 1, because the
decrease of echo interval. 2. The enhancement
of overlapped T2 signals was conducive to bri-
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Figure 1. Comparison analysis of imaging parameters using FBI.
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Figure 2. A 74-year-old female patient with 5 years history of diabetes, Fontaine stage I. 4, FBI showed unclear image of left
anterior tibial artery (white arrow). B, Right anterior tibial artery was not showed in CE-MRA (white arrow).

ght blood flows, when phase encoding direction
was placed in vascular. 3. The benefits of using
FBI were non-radiative and no requirement of
contrast agents. In recent years, many scho-
lars stated that FBI had high sensitivity and
specificity in the diagnosis of lower extremity
PAD. The study results from Lim et al"* found
that FBI was an optimal treatment method with
sensitivity of 92.2% and specificity of 92.4%
in the diagnosis of lower extremity PAD. A
study from Thierfelder et al'* compared the
imaging results of 21 patients with an advanced
peripheral arterial occlusive disease between
the methods of CE-MRA and NCE-MRA. The
study results indicated that and NCE-MRA had
significant value in clinical practice with a sen-
sitivity of 97% and specificity of 96.7%.

The study results of this paper indicated no
statistical difference in image quality between
FBI and CE-MRA in diabetic patients with
Fontaine stage I-111 (Table III, Figure 2). The
image quality of FBI is worse than CE-MRA
in diabetic patients with Fontaine stage 1V, and
the observers lacked confidence in diagnosing
40% of the patients in Fontaine stage IV. The
possible reasons of low image quality were as
follow: 1. FBI was not sensible to subtle move.
Patients with lower extremity PAD in Fontaine
stage IV had severe rest pain and developed an
involuntary twitch, which caused low image
quality. 2. Low image quality of FBI had a
relationship with vascular contractile function,
and the patients in Fontaine stage IV had im-

paired vascular smooth muscle contraction. 3.
The observers lacked experience in analyzing
the images of FBI in the patients with Fontai-
ne stage ['V. Personalized examination indexes
should be established based on individual pa-
tient condition, to improve the image quality®*.
4. Patients in Fontaine stage IV had various
degrees of arteriostenosis, which caused slow
flow velocity in arteries. Thus, images lost after
subtraction (Figure 3).

There was a statistical difference in detecting
lower extremity arterial branches in the diabe-
tic patients with Fontaine stage [V between FBI
and CE-MRA (Table V). About 19% of absence
were distal vascular branches (20 branches),
which was ascribed to the slow blood flow of
calf (Figure 4). The main contamination of CE-
MRA included veins and soft tissues. Diabetes
lower extremity PAD arteriovenous malforma-
tion or feet contamination caused a shadow in
CE-MRA examination®. The main contamina-
tion of FBI was arterial pulse, which did not
impact on the diagnosis (Figures 5, 6).

Conclusions

ECG-based FBI technique is very useful in
the evaluation of diabetic patients with lower
extremity PAD. Compared to CE-MRA, FBI
has higher image quality in detecting lower
extremity arterial branches, no apparent con-
tamination in veins and soft tissues. Hence,
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Table V. Rating results of tissue contamination of FBI and CE-MRA (n=44,x +s).

CE-MRA,
No. FBI, (mean = SD) (mean = SD) t-statistics p-value
Overall 44 0.14+0.35 1.27+0.5 -14.782 0"
Fontaine stage [ 16 0+0 1.06+0.44 -9.604 0~
Fontaine stage 11 11 0+0 2.27+0.47 -9.037 0~
Fontaine stage I1I 12 0.08+0.29 1.33+£0.49 -6.966 0"
Fontaine stage [V 5 1.00+0 1.80+0.45 -4 0.016

FBI: fresh blood imaging, CE-MRA: contrast-enhanced MR angiography. ‘»p<0.05, “p<0.01.

Figure 3. A 75-year-old male patient with 18 years history of diabetes, Fontaine stage I'V. a, Low image quality of 5 lower
extremity arterial branches (1 point) in FBI, no shadows of left anterior tibial artery (white arrow). b, Severe contamination in
CE-MRA (red arrow), arteriostenosis of bilateral iliac arteries, especially in the left (white arrow).

FBI can replace CE-MRA as the method to
examine patients in Fontaine stage [-111. It can
also be used in diabetic patients with renal
insufficiency in stage Fontaine IV, and the re-

sults of FBI examination should be considered
with cardiac and renal functions as well as
lower extremity arterial functions (Iliac artery
and femoral artery). FBI can detect lower

Figure 4. A 68-year-old female patient with 20 years history of diabetes, Fontaine stage I'V. a, The images of right anterior
tibial artery and partial left peroneal artery lost after subtraction in FBI (white arrow). Nine branches in right anterior tibial
artery and 5 branches in left peroneal artery were detected. b, The sites of lost signals were the same between FBI and CE-
MRA. Eleven branches in right anterior tibial artery and 8 branches in left peroneal artery were detected.
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Figure 5. A 76-year-old female patient with 25 years history of diabetes, Fontaine stage I'V. a, The images of right anterior
tibial artery and left peroneal artery lost after subtraction in FBI (white arrow), no apparent tissue contamination. b, The sites
of arteriostenosis of CE-MRA is the same as Figure S5a (white arrow) with apparent soft tissue shadow (red arrow).

Figure 6. A 68-year-old female patient with 8 years history of diabetes, Fontaine stage II. a4, The images of left anterior tibial
artery lost after subtraction (white arrow). b, No abnormal was detected in CE-MRA. Severe contamination in knee joint soft

tissues was detected due to gonarthromeningitis (red arrow).

extremity PAD in an early stage, and can be
considered as a reference result for healthcare
professionals in decision making with perso-
nalized treatment plans.
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