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Abstract

To obtain a wide-range contrast MR angiography in a single examination, we performed two
sequential administrations of low-dose (0.08 mmol/kg) gadolinium diethylenetriaminepentaace-
tic acid (Gd-DTPA) with three dimensional inversion recovery prepared fast spoiled gradient re-
called acquisition in the steady-state (3D IR-fast SPGR) sequence.

Signal characteristics of the sequence were estimated by computed simulations and an in vi-
tro study. A clinical study of 19 examinations was done with sequential MR angiography of the
aortoiliac and femoropopliteal arteries.

Great signal differences were observed between the high and low Gd concentrations. Higher
Gd concentrations generated significantly stronger signals. Greater signals were produced at TIs
of longer than 150 msec than at shorter than 100 msec.

In the clinical study, the arteries were visualized with sufficient signals even with a small
amount of contrast agent. Contrast-to-noise ratios between the arteries and surrounding skeletal
muscles or fat tissues ranged from 105+ 9.6 to 4.7 = 2.2 and 6.6 £ 2.8 to — 3.1 = 11.2, respectively.
No venous enhancement was found with diluted contrast agent on the second MR angiography.

Two consecutive contrast MR angiographies can be obtained with repetitive administration
of low-dose contrast agent. (J Nippon Med Sch 2000; 67: 421—428)

Key words: magnetic resonance angiography (MRA), contrast enhance, gadolinium diethylene-

triaminepentaacetic acid (Gd-DTPA), distal arteries

Introduction

Gadolinium-enhanced MR angiography has been
improved over the past several years and is widely

1-11

used for evaluation of arterial diseases'"'. Arterial sig-
nals are developed with a high concentration
paramagnetic contrast agent by rapid recovery of lon-

gitudinal magnetization of protons in blood. Usually,

arteriosclerotic vascular disorders spread over a long
segment, and additional MR angiography is often nec-
essary to cover a large anatomical region. However,
when a contrast agent is administered, vascular en-
hancement remains a long time, and it superimposes
on a second contrast MR angiography. To avoid this
problem, we applied a new acquisition technique that
consists of a 3D IR-fast SPGR (three-dimensional in-

version recovery prepared fast spoiled gradient re-
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called acquisition in the steady-state) sequence and re-
petitive administration of low-dose contrast agent for
sequential contrast MR angiography. Signal charac-
teristics of the sequence were estimated by computed
simulations and in vitro phantom experiments, and

the clinical feasibility of the technique was evaluated.

Materials and Methods

(1) Computational simulations

A 3D IR-fast SPGR sequence consists of inversion
preparation pulses followed by fast SPGR acquisi-
tions" . Slice-encoding SPGR acquisitions are per-
formed in a centric order as an inner cycle, and phase-
encoding steps, including IR pulse and SPGR acquisi-
tions, are performed in a sequential order as an outer
cycle. When integer numbers (m, n) are defined as
phase-encoding and slice-encoding numbers, respec-
tively, the longitudinal magnetization M, is repre-
sented as

M. mn=1—(1—M,m.nCosa) Exp (-=TR/T1)
(TR: repetition time) during a slice encoding cycle.

After the slice-encoding gradient, n, is distributed
incrementally from 1 to 32 in a SPGR acquisition cycle,
an inversion pulse is applied, and the longitudinal
magnetization occurs during inversion time (TI).

In the phase-encoding cycle, Mz is calculated as
M,y =1-[1-(=1) Myl Exp (=TI/TD),
Mz = 1.

Phase-encoding gradient, m, is distributed increme-
ntally from 1 to 48, a half of the total phase encoding
steps at which the image contrast is mainly decided.

Transverse signal intensity (SI) immediately after
application of radiofrequency pulse is calculated as

SI=Mzusnsino.

The parameters were: repetition time, 11 msec;
phase-encoding number, 256; slice-encoding number,
32; o, flip angle. T2* was not considered because the
echo time (TE) used in this study was very short.
These equations were translated into computer pro-
grams and signal intensity curves against T1 value
were plotted at various flip angles and inversion

times.

(2) In vitro study

MR signal intensity was measured over a wide
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range of concentrations of gadolinium diethylenetria-
minepentaacetic acid (Gd-DTPA) solutions (0, 0.125,
0.25, 0.5, 1.0, 2.0, and 4.0 mmol/L). Phantom columns
with 80 X 55 mm bottles containing each solution were
placed vertically in a 1.5 T MR scanner (Signa Advan-
tage; GE Medical Systems, Milwaukee, WI, USA), and
coronal images were taken with the body coil. A 3D
IR-fast SPGR sequence was used with the following
parameters: TR, 11 msec; TE, 1.9 msec; matrix size,
256 % 128; field of view (FOV), 40 X 30 cm; slab thick-
ness, 84 mm; and partition number, 32. Inversion time
was varied from 50 to 200 msec in 50 msec incre-
ments, and flip angle was changed from 20° to 60° in
10° intervals. Five scans were performed for all pa-
rameters, and signal intensities of the solutions were
measured. Signal-to-noise ratios (SNRs) were calcu-
lated as the signal intensity of each solution divided
by standard deviation (SD) of the background noise.
Twenty additional scans were performed with the
same parameters as the clinical studies (TI of 150
msec, flip angle of 40°). Contrast-to-noise ratio (CNR) be-
tween high (2 mmol/L) and low (0.5 mmol/L) con-
centrations, which corresponded with arterial and ve-
nous Gd concentrations in the clinical study, was cal-
culated as follows:

CNR=1{SI (2 mmol/I) = SI (05 mmol/I )} /SD

(background)

(3) Statistical analysis

In all statistical analyses, significant levels oo were
set at 0.05. SNRs of seven concentrations were evalu-
ated with a one-way analysis of variance (ANOVA)
with Bonferroni post hoc tests. A two-way ANOVA at
five flip angles and four inversion times was per-

formed with Bonferroni post hoc tests.

(4) Clinical study

Nineteen gadolinium-enhanced MR angiography
examinations were done in 17 patients (14 men and 3
women, ages 33 to 81 years, mean 63.2 years). Body
weight of the patients ranged from 50 to 85 kg (mean
62.6 kg). Thirteen patients were suspected to have ar-
terial occlusive disease, and four patients had under-
gone grafting.

All images were acquired with a body coil on a 1.5

T scanner system (Signa Advantage; GE Medical Sys-
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tems) . Gadolinium-enhanced contrast MR angiogra-
phy of the aortoiliac arteries was taken with a 3D IR-
fast SPGR sequence in the coronal plane. Acquisition
parameters were as follows: TR/TE, 11/1.9 msec; flip
angle, 40°; TT, 150 msec; bandwidth, 32 kHz; matrix
size, 256 X 128; and signal average, 1. These parame-
ters were determined with a reference to the results
of computational simulations and in vitro study. FOV
and slab thickness were fitted to each patient. Thir-
teen examinations were taken with 32 partitions, and
6 examinations were taken with 16 partitions. Acqui-
sition time was 32 sec in 16 partitions and 63 sec in 32
partitions. 10 ml (5 mmol) Gd-DTPA diluted in 50 ml
saline was administered manually through a 22-gauge
catheter placed in the antecubital vein. The mean
dose of contrast agent was 0.08 mmol/kg. Contrast in-
fusion was started at 25 seconds before the start of
data acquisition and was finished at 25 seconds before
the end of data acquisition.

Immediately after the aortoiliac MR angiography,
3D IR-fast SPGR contrast MR angiography of the
femoropopliteal to calf arteries was obtained with an
additional 10 ml of contrast agent. The imaging pa-
rameters and technique for infusion of contrast agent
were the same as those for the aortoiliac MR angiog-
raphy, except that contrast infusion started at 35 sec-
onds before data acquisition, and continued until 35
seconds before the end of data acquisition.

All MR angiographic images were reconstructed
into maximum intensity projection (MIP) images at
multiple angles. Signal intensities of the arteries, sur-
rounding skeletal muscle, and the fat tissue were
measured. Contrast-to-noise ratio between the arter-
ies and skeletal muscle (CNR*A/M) or fat tissue
(CNR*A/F) were calculated as follows:

CNR*A/M={SI (artery) —SI (muscle) } /SD (ar-
tery),
CNR*A/F={SI (artery) —SI (fat) | /SD (artery).

We did not use the SD of the background noise be-
cause in some cases only a small area represented the
background, and we were unable to set a region of in-
terest (ROI) on it, but instead use the SD of the arte-
rial signal’. Venous enhancement was estimated visu-
ally on the second contrast MR angiography. Com-
parison with conventional contrast angiography was

available for 7 cases.
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Results

1. Computational simulations

The signal intensity curves plotted against T1 val-
ues for four inversion times at a flip angle of 40° are
displayed in Fig. 1. High signal intensities were gener-
ated within the short T1 range, and the signal de-
creased with longer T1 values. Longer inversion

times corresponded to higher signal intensities.

2. In vitro study

Median SNR values of the Gd-DTPA solutions in
five measurements are presented in Figs. 2 and 3.
Great signal differences were observed between the
high and low Gd concentrations. CNR between 2
mmol/L and 0.5 mmol/L was 144.7 +9.9.

3. Statistical analysis

In all seven concentrations, higher concentrations
generated statistically significant higher signals with
Bonferroni post hoc tests. Comparison with flip an-
gles, there were no significant differences except be-
tween 20° and 60°. Concerning about inversion times
(TIs), significantly greater signals were produced at
TIs of longer than 150 msec than at shorter than 100

msec.

Sl (Arbitrary unit)

T1 (msec)

Fig.1 Computed simulation of signal intensity plot-
ted against T1 value for 3D IR-fast SPGR se-
quences at a flip angle of 40°. Inversion time
varied from 50 to 200 msec in 50 msec incre-
ments. High signal intensities are generated
within a short T1 range, and the signal inten-
sity rapidly decreases with longer Tls.
Longer inversion times corresponds to higher
signal intensities.
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Fig.2 SNR vs Gd-DTPA concentration in a 3D IR-
fast SPGR sequence with an inversion time of
150 msec in the phantom study. Graphs depict
the median values of five measurements. Flip
angle varied from 20° to 60° in 10° incre-
ments. High signal intensities are produced at
high Gd concentration solutions, and the sig-
nal intensity rapidly decreases with lower
concentrations. Signals are weak at concentra-
tions below 0.25 mmol/L.

4. Clinical study

All patients tolerated the examinations without any
complications. In all cases, sufficient arterial signals
were observed. Figs. 4-6 show sequential-contrast
MR angiograms of the aortoiliac and femoropopliteal
arteries with repetitive administrations of 10 ml Gd-
DTPA. CNRs*A/M and CNRs*A/F measurement
values are presented in Table 1. CNRs*A/M were
sufficient in all segments. Although CNRs*A/F of
some calf arteries were indicated negative values,
these arteries were well discriminated because they
were spatially separated from the subcutaneous fat.
With respect to venous enhancement, the saphenous
and popliteal veins were observed in two cases on the
second contrast MR angiographic images. These ve-
nous signals were considered not from the first injec-
tion, but from early venous return, because no other
venous signals were noted in these cases. In the other
cases, no venous signals were observed on the second
MR images.

In 5 occluded and 12 stenotic segments shown by
the conventional angiography, MR imaging correctly
depicted 4 occlusions and 9 focal stenoses. Two oc-

cluded segments, one focal stenosis, and two diffuse
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Fig.3 SNR vs Gd-DTPA concentration in a 3D IR-
fast SPGR sequence at a flip angle of 40° in
the phantom study. Graphs depict the median
values of five measurements. Inversion time
varied from 50 to 200 msec in 50 msec incre-
ments. High signal intensities are produced at
high Gd concentrations, and the signal inten-
sity rapidly decreases with lower concentra-
tions. Signals are weak at concentrations be-
low 0.25 mmol/L.

stenotic segments interpreted with the MR angiogra-
phy were overdiagnosed. Thirty-one normal seg-
ments, including 3 patent grafts, were depicted accu-

rately with the MR images.

Discussion

For examination of vascular disorders, imaging of a
large anatomical area is required to evaluate long seg-
ment arteries. Because imaging volume in a single ac-
quisition is limited to the FOV, additional imaging is
often necessary to cover other regions. However, once
a contrast agent is administered, it remains in the in-
travascular and interstitial spaces until it is eliminated
via the kidney"”. In some descriptions, Gd chelates of
0.2 mmol/kg or more than 40 ml were required in 3 D

175‘7.8,11. Venous enhance-

contrast MR angiography
ment is apparent in Gd-enhanced MR angiography
within several minutes of infusion of 0.2 mmol/kg Gd-
DTPA?. Therefore, venous signals would superimpose
on the second image with a usual Gd dose of MR angi-
ography. A pixel-by-pixel subtraction technique to
eliminate venous signal on both two dimensional*"

and three dimensional®"” imaging sequences has been
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Fig. 4 Typical images of sequential Gd-enhanced MR angiography.(a) The initial contrast MR angi-
ogram with 10 ml Gd-DTPA clearly shows the arteries from the lower portion of the abdomi-
nal aorta to the proximal femoral arteries. (b) Sequential MR angiogram taken immediately af-
ter (a) with administration of an additional 10 ml of contrast agent clearly shows the distal
femoral arteries, the popliteal arteries, and the proximal calf arteries. Venous enhancement is
not visible on the second MR angiogram.

Fig.5 A case of peripheral arterial occlusion. (a) The initial contrast MR angiogram with 10 ml Gd-
DTPA reveals occlusion of the left common iliac artery (arrowheads). The distal arteries ap-
pear as weak signals.(b) Sequential contrast MR angiogram with an additional 10 ml of con-
trast agent shows the femoropopliteal arteries. The calf arteries are not clearly visible and are
considered to have diffuse stenotic changes.
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Fig.6 A case of post aortoiliac graft implantation for treatment of abdominal aortic aneurysm. (a)
The initial contrast MR angiogram with 10 ml Gd-DTPA shows the artificial graft vessels (ar-
rowheads). Stenoses (arrows) are indicated at the anastomoses, right external iliac artery, and
proximal portion of the left superficial femoral artery. These findings were confirmed by con-
ventional angiography.(b) Sequential MR angiogram with an additional 10 ml of contrast

agent immediately after the aortoiliac MR angiography clearly shows the distal femoral arter-

ies, popliteal arteries, and proximal calf arteries without any venous enhancement.

Table 1 Contrast-to-noise ratios between arteries

and surrounding skeletal muscles (CNR*
A/M) or fat tissues (CNR*A/F)

CNR*A/M CNR*A/F
Abdominal aorta? 66+28 6.6+t3.3
Rt. iliac a.? 47+22 52%22
Rt. femoral a. 105+9.6 55+53
Rt. popliteal a. 6.7+5.3 23+31
Rt. calf a. 9.7+15.8 -31%x11.2
Lt. iliac a.? 72%29 5320
Lt. femoral a. 9475 56*59
Lt. popliteal a. 83+48 45*42
Lt. calf a. 55%40 -01+33

¥ including grafts.
Numbers are mean values = standard deviations.

proposed. However, this method is limited by misreg-
istration artifacts as well as the time consumed by
two acquisitions and postprocessing. With these back-
grounds, we developed the sequential low dose Gd-
enhanced MR angiography technique to suppress the
venous signal in the second MR angiography.

An IR-fast SPGR sequence generates a heavily

T1-weighted contrast with a short acquisition ti-

me"*"* " Our computed simulations and in vitro experi-
ments correspond with this property, which shows
very high signal within a high Gd concentration range
and weak signal within a low concentration range.
These characteristics yield sufficient contrast be-
tween the arteries and background tissues even with
a small amount of contrast agent compared with
widely used techniques. In our clinical study, when 5
mmol Gd-DTPA was infused over 32 or 63 seconds,
the arterial Gd concentration is estimated at approxi-
mately 1 or 2 mmol/L when cardiac output is 5 L/min
if recirculation is not considered. Gd- DTPA of 1 or 2
mmol/L correspond to T 1 values of 188 or 102 msec,
respectively, as calculated by
1/T1 (CE) =1/T1 (blood) +R [Gd] <1>;

where blood T1 is 1200 msec, relaxivity (R)is 45 L/
mmol - sec, and [Gd] represents the concentration of
Gd contrast agent (mmol/L)? Thus, the contrast be-
tween the arteries (T1=102 to 188 msec) and sur-
rounding skeletal muscles (T1=850 msec®) should be
sufficient even with 10 ml (5 mmol) of contrast agent.
We could not obtain a satisfactory contrast between

the arteries and fat tissues (T1=270 msec) especially
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in peripheral regions, but this is not a clinically signifi-
cant problem because the arteries and fat tissues are
spatially separated and therefore easily distinguished.

No obvious venous enhancement was found in the
second MR angiography. Ten milliliters of Gd-DTPA
administered to a 63 kg subject, the mean value in our
clinical study, represents a dose of 0.08 mmol/kg. It is
reported that when 0.1 mmol/kg Gd-DTPA is admin-
istered to healthy volunteers, 0.7 mmol/L contrast
agent is detected in the venous plasma after 3 min-
utes”. In our patients, 0.08 mmol/Kg Gd-DTPA was
injected, and no more than 0.7 mmol/L of contrast
agent remained in the venous blood plasma at the sec-
ond imaging. Because Gd-DTPA does not cross the
membranes of blood cells®, the blood T1 value is de-
termined by the weighted average of the intracellular
and plasma fractions when there is rapid water ex-
change across the cell membranes® A Gd-DTPA con-
centration of 0.7 mmol/L in plasma is equivalent to
0.42 mmol/L in blood when hematocrit is 40%, and ve-
nous T1 value would be approximately 370 msec as
calculated in equation <1>°. The diluted contrast
agent with a T1 value of 370 msec has already lost its
ability to generate a strong signal in the venous sys-
tem. Thus, a small amount of contrast agent for the
first imaging would suppress venous enhancement on
the second MR angiography; subtraction or other
postprocessing would not be necessary.

We used 10 ml of Gd-DTPA in each MR angiogra-
phy. However, Earls et al.” reported that 15 ml of Gd-
DTPA did not prevent second MR angiography after
15 minutes. On the other hand, 0.1 or 0.2 mmol/kg of
Gd-DTPA vyielded clear MR venography*. These dis-
crepancies may be caused by differences in the pulse
sequence, parameters, and the data acquisition timing.
Further investigations are needed to determine the
optimal dose of contrast agent and the interval be-
tween the two acquisitions.

Although our data was limited to a small number,
this technique correlated well with the conventional
angiography. Misdiagnosis would be mainly caused
by limited spatial resolution. In conclusion, a 3D IR-
fast SPGR sequence with repeated administration of
low-dose contrast agent is able to obtain sequential
MR angiography, and this technique is clinically feasi-

ble to evaluate long segments of arteries in a single
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examination.
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