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Abstract
CT angiography (CTA) technology, as a non-invasive or minimally invasive examination method, is
commonly used in the clinic to obtain vascular network images, and iodinated contrast agents play a
vital role in it. At present, the second-generation non-ionic contrast agent ioversol are most commonly
used in CTA, but its preparation process is complicated, the manufacture technology of it is high, and it is
associated with some adverse drug reactions (ADRs), such as allergies and drug toxicity. In this work,
based on the low melting point (29.78℃) and low viscosity of liquid metal gallium, it was used for the
�rst time as an angiographic contrast agent for in vivo hepatic artery angiography. According to the
statistical analysis of the smallest visible diameter of the hepatic artery and the contrast effect between
the blood vessels and their surrounding tissues in CT images, we con�rmed that compared with CT
imaging using ioversol for hepatic artery angiography, that using liquid metal gallium produced more
intuitive and excellent vascular imaging effects.In other words, the use of liquid metal gallium as an
angiographic contrast agent has a certain value in living organ angiography. However, the lower overall
image quality and higher side-effects of liquid metal gallium in CTA indicate that the use of liquid metal
gallium as a contrast agent for living organs still needs to overcome some problems, such as the metallic
artefacts and its hypertonicity. Only in this way can liquid metal gallium become a potential contrast
agent candidate for angiography in animal experiments and possibly even in the clinical.

Background
In the inspection and diagnosis of benign and malignant tumours, cardiovascular diseases, vascular
dysplasia, aortic dissections and other diseases, the distribution of blood vessels is an important index to
evaluate the occurrence and progression of the disease 1. Therefore, obtaining high-quality vascular
network imaging is of great signi�cance for tissue physiology, pathology, anatomy and imaging
diagnostics. Houns�eld �rst developed computed tomography (CT) in 1973, and CT has developed
rapidly in the last half-century 2. For example, 320-slice CT can complete a circle scan in only 0.35
seconds 3, so that the entire organ can be imaged in an instant, and after multiple circle scans, the
activity and blood �ow of the whole organ can be displayed in real-time. The three-dimensional dynamics
are very vivid, providing a non-invasive or micro-invasive CT angiography (CTA) examinations that have
increasingly become an important and common vascular inspection method in the clinic 4. CT
angiography vividly shows a large density difference on CT imaging by comparing the contrast agent
concentration difference formed by different concentrations of contrast agent in blood vessels or
different blood supplies to tissues, to increase the contrast between blood vessels and tissues, and
provide abundant and accurate information for clinical diagnosis and treatment. In this process,
iodinated contrast agent plays a vital role 5.

Nonionic iodine contrast agent is a triiodobenzene compound (Fig. 1) that is obtained by replacing the
carboxyl group on the benzene ring of the ionic contrast agent with an amide group 6. This change in
chemical structure prevents ionization in the solution and the toxicity of its penetration is signi�cantly
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lower than that of ionic iodine contrast agents. In addition, the six hydroxyl groups evenly distributed
around the benzene ring of the non-ionic iodine contrast agent effectively shield the fat-soluble
iodophenyl group, so that non-ionic iodine contrast agent has gradually replaced ionic contrast media in
most clinical applications 7. However, it has the disadvantages of a complicated preparation process,
high technical requirements, and a high price, and it can trigger adverse drug reactions (ADR) 8,9. Among
them, allergic reactions to iodinated contrast agents are a major risk during CTA examinations10,11. The
clinical manifestations of mild anaphylaxis include nausea, vomiting, diarrhoea, conjunctiva congestion,
cold sweats, coughing, sneezing, facial paleness, etc. Karoline et al. found in a phase II clinical trial of
iomethol that some patients had severe itching of their head and face, repeated urticaria and other
allergic reactions 12. Moderate allergic reactions can cause urticaria-like erythema with itching; oedema of
the eyelids, cheeks, lips, and face; chest congestion; hoarseness and trembling limbs. Severe allergic
reactions include a pale complexion, bruising of the limbs, cold hands and feet, di�culty breathing,
muscle spasms, decreased blood pressure, loss of consciousness, incontinence, and even anaphylactic
shock or cardiac arrest 13,14,15.

In addition, contrast-induced nephropathy (CIN), the most common adverse reaction in the urinary system
caused by non-ionic iodized contrast agents, has become the third leading cause of acute kidney injury
among inpatients, second only to renal hypoperfusion and drug-induced acute kidney injury, accounting
for approximately 11% of the total acute kidney injury in hospitalized patients 16,17,18,19. In a coronary
angiography study involving 319 patients, Burch ADRt et al. found that most patients had serum
creatinine (SCr) levels and blood urea nitrogen (BUN) increases within 12 to 18 hours after the injection of
the contrast agent, and their glomerular �ltration and creatinine clearance rate (CCR) were decreased 20.

Gallium is in the IIIA group of the periodic table and is a semi-metallic element. It has a melting point of
29.78°C, a density of 5.804 g/cm3 in a solid state, a density of 6.095 g/cm3 in a liquid state, and a
viscosity of 1.2 (77°C) mPa/s. It forms a stable liquid at body temperature, and its production process is
simple, its cost is relatively low, its chemical properties are relatively stable, and its activity is weaker than
that of aluminium. As an environmentally friendly material, it is much safer than liquid metal
mercury21,22,23.

The earliest use of gallium in medicine was in the diagnosis of tumours. 67 Ga has its highest absorption
rate in nonosseous tumours in animals 24, and it can exist in living tumour cells 25. In addition, gallium
compounds have antitumour activity against lymphoma, advanced malignant melanoma, ovarian
carcinoma, and soft tissue sarcoma, among which gallium nitrate has the strongest anticancer activity
26,27,28,29,30,31. It has also been demonstrated that some gallium compounds, such as gallium nitrate III,
has antibacterial effects against Francisella tulerens 32, Klebsiella pneumoniae 33, and Pseudomonas
aeruginosa 34. Moreover, liquid metal gallium can also be used as an antiosteoporotic agent for bone and
calcium metabolic dysfunctions 35. It has been used as an oral gastrointestinal contrast agent, achieving
high-contrast imaging of the mouse gastrointestinal tract during CT examinations, and it is not
accompanied by adverse reactions such as physical discomfort or acute poisoning 36,31.
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Previous studies have shown that liquid metal gallium can �ow into the nano-scale microvascular
network in vitro in organs such as the heart and kidney, and its �uidity is far better than that of traditional
iodinated contrast agents. It does not damage the corresponding tissue structures 37. In this study, we
reported the value of liquid metal gallium for use as an angiographic contrast agent in CT angiography of
the liver in vivo. Hepatic artery angiography and abdominal enhanced CT scans of New Zealand white
rabbits were performed by femoral artery puncture 38 using liquid metal gallium with a purity of 99.99%
compared with ioversol. The results including the artery imaging effect, overall image quality, and the
incidence of adverse events were compared between the two contrast agent groups. The overall imaging
effect and the in vivo biological safety of liquid metal gallium in CT hepatic angiography were evaluated.

Materials And Methods

Contrast agents
A total of two contrast agents were used in this study. The experimental group had liquid metal gallium
applied as a vascular contrast agent with a purity of >99.99% provided by the Technical Institute of
Physics and Chemistry of the Chinese Academy of Sciences; the control group had ioversol contrast
agent applied (Optiray, 320 mg/mL) from the Vanlink Corporation.

Experimental animals
This experiment was approved by the hospital ethics committee and complied with the “Regulations on
Laboratory Animal Management” published by the Chinese government. The Institute of Experimental
Animals of the General Hospital of the People’s Liberation Army provided 30 female New Zealand white
rabbits for experimental use, weighing approximately 3.5-4 kg, and aged 5-6 months. They fasted for 24
hours before the experiment and were weighed before the procedure.

Experiment equipment
A 64-row Siemens SOMATOM De�nition Flash CT scanner; Double-syringe power injector (Stellant D,
USA); CT image post-processing workstation (GE AW4.6); 3F intervention microcatheter (Terumo, Japan);
ophthalmic tweezers and ophthalmic scissors; and an anti-blood re�ux valve were used during the
procedure.

Hepatic angiography
Thirty rabbits were randomly divided into the experimental group and control group, with 15 rabbits in
each, and they were given numbers. After weighing, each rabbit was anaesthetized and the rabbit’s
abdomen was �xed on the CT scanning bed with an abdominal band. The skin and fascia were cut
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longitudinally in the pulsating area of the rabbit’s right inguinal region after skin preparation, sterilization,
and draping. The length of the incision was 3.0~4.0 cm. Then, the muscle and femoral artery sheath were
bluntly separated, and approximately 2.0 cm of the femoral artery was exposed. Under the guidance of
the CT scan, the tip of the 3F microcatheter was quickly placed in the opening of the celiac trunk about
the twelfth thoracic vertebrae level through the femoral artery puncture method (Fig. 2a), and the wire
guide was removed and 0.5 ml of 1% lidocaine was injected through the catheter.

The control group was given ioversol contrast agent, and the experimental group was given liquid metal
gallium as the vascular contrast agent (purity > 99.99%). The contrast agent and the saline solution were
drawn into a double-syringe power injector, and then we connected the infusion tube to the detained
trocar of the rabbit femoral artery. The experimental group and the control group were successively
injected with 6~7.5 ml of contrast agent and normal saline through the femoral artery after a plain CT
scan of the abdomen, and we then performed hepatic angiography and abdominal CT with contrast
enhancement. The injection rate was 1.5 ml/s, and the injection time was 4 seconds in both the
experimental group and the control group, except for the rabbits with a large liver parenchyma during the
plain CT scan who were injected for 5 seconds. After the experiment, the contrast catheter was pulled out,
the surgical incision was sutured, and 800,000 U of penicillin was continuously injected intramuscularly
for 3 days after the operation.

CT inspection method and image post-processing
The dynamic spiral CT scan range is from approximately 3 cm above the top of the diaphragm to the
bifurcation of the arteria iliaca communis. The machine speed is 0.28 s/360°, the tube voltage is 100 kV,
the tube current is 100 mA, the layer thickness and the layer spacing are both 3 mm, and the thread pitch
is 0.984:1. The reconstruction layer thickness and layer spacing are both 1 mm. Finally, all of the
obtained data were transmitted to a GE AW4.6 workstation for data post-processing. CT image post-
processing technologies included multiplanar reformation (MPR), maximum intensity projection (MIP)
and volume rendering (VR).

Measurement and calculation of the CT data
After anonymizing them as to which contrast agent was used, the two groups of CT images were
independently post-processed by two physicians who have been engaged in abdominal imaging
diagnosis for more than 5 years, and regions of interest (ROI) were delineated, measured and calculated,
including: 1) Three-dimensional vascular reconstruction of the abdominal aorta and hepatic artery, along
with the measurement of the smallest hepatic artery diameter (mm) on the CT axial images. 2)
Measurement of the CT values of the liver parenchyma and abdominal aorta in the plain and arterial
phases and the standard deviation (SD) of the corresponding liver parenchyma at a level about 3 mm
above or below the bifurcation of the celiac trunk. 3) Measurement of the CT value of the hepatic artery in
the arterial phase. The area of interest (ROI) of the liver parenchyma was selected from the non-vascular
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and bile duct areas of the left lateral lobe approximately 3 mm from the edge, the size of the ROI was
nearly 20 mm² (Fig. 2b), the size of the abdominal aorta ROI was approximately 10 mm² (Fig. 2b), and
the hepatic artery ROI was selected for the arterial imaging area of the left lobe about 3 mm from the
edge of the liver, and its size was approximately 1.5 mm² (Fig. 2c). The size, shape, and height of the ROI
for each part was required to be consistent across the images. Then, we took the average of the data
measured by the two physicians on the same experimental rabbit, including: Absolute enhancement CT
value of the liver parenchyma and abdominal aorta: absolute enhancement CT value (HU)= CT value
after enhancement-CT value during the plain scan. CT difference between the hepatic artery and liver
parenchyma in the arterial phase; CT difference between the abdominal aorta and the liver parenchyma in
the arterial phase. Contrast-to-noise ratio (CNR) of the hepatic artery and abdominal aorta in the arterial
phase, CNR=(CT (target vessel)-CT (same layer of the liver parenchyma))/SD (same layer of the liver
parenchyma) 39.

Image quality assessments
Two doctors who have been engaged in imaging diagnosis for more than 5 years independently
assessed the image quality of the two groups. The evaluation criteria were: Superior, the image showed
that the abdominal aorta and hepatic artery were completely �lled with contrast agent, and the subtle
structure of the blood vessels and surrounding tissues could be clearly seen; Medium, the image showed
that the abdominal aorta and hepatic artery had a relatively good �lling effect, but the tiny structure of the
arteries’ surrounding tissues was not well displayed; Inferior, the image displayed that the �lling effect of
the abdominal aorta and hepatic artery was poor, and the microstructure of the surrounding tissues was
poorly visible. We calculated the excellent and good rates of the two groups in terms of image quality,
where the excellent and good rate = (number of superior cases + number of medium cases)/total number
of cases * 100%. When the two doctors disagreed on the quality evaluation of the same image, a third
doctor with more seniority re-evaluated the image and we applied the same evaluation index.

Follow-up
This study closely observed and recorded the diet, defecation, and activity status of each rabbit within 3
days after the angiography examination, as well as the presence or absence of contrast agent retention
on the abdominal CT plain scan conducted 24 hours after the angiography examination.

Statistical analysis
The measurement data from the two groups are expressed as the mean ± standard deviation (SD), and
the enumeration data are expressed as the number of cases (n) and percentage (%). Statistical analysis
was performed using SPSS 24.0 statistical analysis software. The independent sample t-test was used to



Page 7/20

compare the sample means of the two groups. P < 0.05 means that the difference is statistically
signi�cant.

Results And Discussion

Contrast CT imaging of arteries and liver parenchyma
All catheter tips were successfully placed at the bifurcation of the abdominal aorta near the coeliac trunk.
In addition, there was no problem with the CT angiography of ioversol or the liquid metal gallium. The
experimental group and the control group showed signi�cant differences in the enhancement of the
hepatic artery, abdominal aorta and liver parenchyma (P <0.001) (Table.1). The absolute enhanced CT
value of the liver parenchyma of the control group was signi�cantly higher than that of the experimental
group, as shown in Table 1 and Figure 3. The absolute enhancement CT value of the abdominal aorta of
the experimental group was signi�cantly higher than that of the control group, as shown in Table 1 and
Figure 4a. The average CT value of the hepatic artery in the arterial phase between the control group and
the experimental group was signi�cantly different (Table 1 and Fig. 4b).The smallest vascular diameter
of the hepatic artery in the control group was signi�cantly larger than that in the experimental group, as
shown in Table 1 and Figure 5. The CNR of the hepatic artery and the CNR of the abdominal aorta in the
arterial phase of the control group were signi�cantly lower than those of the experimental group, as
shown in Table 1 and Figure 6. 
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Table 1
Summary of CT imaging data

  Mean (± SD) T P

Control
group

Experimental
group

Average CT value of liver parenchyma HU 144.97
(3.54)

79.8 (4.14) 49.28 <0.001

Mean CT value of abdominal aorta HU 220.21
(6.05)

2277.17
(417.98)

-19.12 <0.001

Average CT value of hepatic artery HU 225.44
(7.58)

542.61 (38.35) -29.93 <0.001

Minimum vessel diameter of hepatic artery mm 1.3 (0.09) 0.83 (0.06) 17.94 <0.001

CThepatic artery-CTliver parenchyma HU 80.47
(8.45)

462.81 (38.27) -35.49 <0.001

CTabdominal aorta – CTliver parenchyma HU 75.24
(3.76)

2197.37
(416.61)

-19.79 <0.001

CTliver parenchyma in arterial phase -CT liver parenchyma

during plain scan HU
86.5
(4.85)

21.33 (4.78) 49.28 <0.001

CT abdominal aorta in arterial phase -CT abdominal aorta

during plain scan HU
173.78
(6.76)

2230.74
(417.7)

-19.12 <0.001

CNR of hepatic artery during enhancement phase 16.48
(2.9)

59.03 (10.07) -15.2 <0.001

CNR of abdominal aorta during enhancement
phase

15.41
(2.31)

277.28 (53.51) -19.5 <0.001

CT image quality
The overall CT image quality of the two contrast examinations are shown in Table 2 and Fig 7. The
excellent and good rate of CT image quality in the ioversol group was signi�cantly higher than that of the
liquid metal gallium group, and the difference was statistically signi�cant (P < 0.05). The two types of CT
images showed that liquid metal gallium angiography had a better vascular enhancement effects in the
hepatic artery and abdominal aorta than ioversol, and liquid metal gallium angiography was superior to
ioversol for viewing the microvascular ends (Fig 8, 9). However, the liquid metal gallium angiography has
a high X-ray attenuation coe�cient, so the enhanced CT images of experimental group contains metal
artefacts, which reduces the overall image quality(Fig 2c).
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Table 2
Summary of image quality data

  Number of cases
(n)

Superior
(n)

Medium
(n)

Inferior
(n)

Excellent and good
rate (%)

Control group 15 8 5 2 86.67%*

Experimental
group

15 0 8 7       53.33%*

 *p < 0.05

 

Postoperative observations
The experimental group had various adverse events such as inappetence, abnormal defecation and
urination, decreased mobility, and slow contrast media metabolism within 3 days after the examination.
The incidence of adverse events in the experimental group was signi�cantly higher than that of the
control group, and the difference was statistically signi�cant (P < 0.001), shown in Table 3.

Table 3
Summary of adverse events data

  Number
of
cases n

Inappetence
(%)

Abnormal
defecation
and urination
n (%)

Decreased
mobility n
(%)

Contrast
agent
retention
after 24
hours n (%)

Adverse
event
rate (%)

Control
group

15 5(33.33%) 2(13.33%) 6(40%) 3(20%) 26.67%*

Experimental
group

15 9(60%) 8(53.33%) 11(73.33%) 15(100%) 100%*

*p < 0.05

 

CT angiography (CTA) technology is an important method for clinical understanding of the vascular
anatomy, clarifying the location of vascular lesions, judging the blood supply to parenchymal lesions, and
selecting appropriate therapeutic schemes. CTA technology is also the key to improving the level of
clinical diagnosis and treatment, realizing the visualization of the in vivo vascular system, and reducing
mortality from cardiovascular and cerebrovascular diseases 40,41. Contrast agent plays an important role
in CTA imaging 42. Therefore, in order to better display the complex microcapillary network system in
living tissues, special attention needs to be paid to the selection of contrast agents. At present, in order to
increase the contrast between the blood vessels and the surrounding parenchyma, researchers mostly
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start by adjusting the solute density in the contrast agent solution. Therefore, a variety of metal materials
such as lead and bismuth have been studied as vascular contrast agents, but they have inevitable
limitations such as high melting points, volume shrinkage during the hardening processes and di�cult
discharge from the body 43,44.

The results of this study showed that the CT enhancement effect of liquid gallium used as an
angiographic contrast agent can show a �ner biological vascular distribution system than ioversol, and it
has high contrast between vessels and surrounding tissues, which is suitable for three-dimensional
vascular reconstruction technology in CT examinations. The use of liquid metal gallium as an
angiographic contrast agent is expected to open up a new approach to microvascular imaging that is
different from traditional capillary imaging.

In this study, the average diameter of the smallest hepatic artery shown by liquid metal gallium was
approximately 0.6 mm, which failed to reach the micron level shown in the study of isolated kidneys 37.
We consider the reason for this is that liquid metal gallium has blood dilution in living blood transport,
and it has a problem of contrast agent diffusion under the action of the osmotic pressure of living
vessels. The results of this study showed that liquid metal gallium has large metal hard ray artefacts on
CTA and it has an insigni�cant enhancement effect on perivascular tissues, which introduces certain
di�culties into clinical diagnosis. Therefore, it is necessary to correct for the metal artefacts in the
reconstructed CT images.

Metal artefact correction algorithms are mainly divided into three categories: iterative reconstruction
algorithms 45, projection interpolation algorithms 46, and a combination of iteration and interpolation 47.
The iterative algorithm performs iterative reconstruction of the projection data of metal objects according
to certain criteria. Compared with the projection interpolation algorithm, it can effectively remove the
metal artefacts and correct the image to yield a higher quality 48. In addition, this study showed that
liquid metal gallium is discharged slowly from the body, which seriously affects the body's activity, food
consumption, and defecation, and its biological safety is low. Therefore, the use of liquid metal gallium
as a contrast agent for CT angiography still needs additional molecular biology research to develop its
molecular structure in the direction of higher vascular permeability.

Summary And Conclusions
In this paper, we introduced liquid metal gallium can show subtle vascular structure and high contrast
between vessels and the surrounding tissues in CT angiography of living organs that is better than that
seen with traditional iodinated contrast agents. Our study is the �rst to explore the application value of
liquid metal gallium in CT angiography of living organs.What’s more, the results demonstrated that liquid
metal gallium used as a CT angiography contrast agent has large metal artefacts and low biological
safety. It needs to be combined with nano-microsphere packaging technology 49, metal artefact correction
algorithms and water-soluble molecular structure improvement technology and other related materials
research before considering its use in the clinic.
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Figures

Figure 1

Molecular structure of the non-ionic monomeric contrast agent of ioversol
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Figure 2

Representative CT images from the Control and Experimental group a The tip of the 3F microcatheter was
placed at the level of the abdominal aorta about the 12th thoracic vertebra under the CT-guided
transfemoral puncture.b and c The size of the regions of interest (ROI) of the liver parenchyma(b),
abdominal aorta (b) and hepatic artery(c) was 19.4 mm2, 10.9 mm2, and 1.4 mm2 respectively
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Figure 3

The average CT value of the liver parenchyma of the Plian scan, Control group and Experimental group

Figure 4

Mean values of the enhanced CT scan of the abdominal aorta and hepatic artery a The absolute
enhancement CT value of the abdominal aorta of the experimental group was signi�cantly higher than
that of the control group.b The average CT value of the hepatic artery in the arterial phase between the
control group and the experimental group was signi�cantly different.
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Figure 5

The smallest hepatic artery diameter of the Control group and Experimental group

Figure 6

The contrast-to-noise ratio (CNR) of the abdominal aorta and hepatic artery in the Control group and
Experimental group
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Figure 7

Image quality of the abdominal enhanced CT examination The excellent and good rate of CT image
quality in the ioversol group was signi�cantly higher than that of the liquid metal gallium group

Figure 8
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CT images of liquid metal gallium CT angiography MIP imaging (a, b, c) and MPR imaging (d,e) of
abdominal aorta and hepatic artery shows the microvascular end’s diameter is 0.6mm.

Figure 9

CT images of Ioversol CT angiography VR imaging (a) and MIP imaging (b) of abdominal aorta and
hepatic artery


