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Abstract

Background & Aims: Digital subtraction angiography (DSA) is the most commonly used
technique in diagnosis, image guidance in the interventional treatment of vascular lesions. We
applied optical flow method (OFM) to quantify relative velocities of blood flow using angiography
in the vascular analysis of hepatocellular carcinoma (HCC) patients who underwent transarterial
chemoembolization (TACE) treatment. The calculated velocity was compared with the Doppler
measurement. The velocity in the portal vein was compared between before and after TACE. The
relationship between the Child-Pugh score and the flow velocity in the liver portal vein was also
analyzed.

Methods: A total of 40 HCC patients treated by TACE were analyzed in this study. DSA imaging
with a 12-inch field of view, 1024 x 1024 pixels and 4 frames/second was acquired. OFM
developed for motion estimation is applied for blood flow estimation. Two acrylic phantoms were
built to validate the method.

Results: The relationship between the OFM and Doppler measurements was found linear with
R?=0.99 for both straight and curved tube phantoms. Quantitative blood flow distribution images of
the portal vein region were presented. After TACE, the minimum, maximum and mean velocities in
the portal vein all decreased (p<0.05). Additionally, the velocity in the portal vein is significantly
lower with a higher Child-Pugh score (p<0.01).

Conclusions: The present technique provides add-on quantitative information of flows to DSA. The
presented study is the first report of hemodynamic analysis in relative quantifications of blood flow

in portal vein of hepatocellular carcinoma patients using DSA.



Introduction

Transarterial Chemoembolization (TACE) has become the first choice of interventional
radiology treatments for hepatocellular carcinoma (HCC). Because of embolization of the artery, the
reduction in the arterial blood supply to the tumor, causes hypoxia and cell death to the tumor but
usually spares the adjacent normal liver cells [1-3]. The chemotherapeutic materials for
embolization include gelfoam, lipiodol and cytotoxic agents [4]. TACE has been shown to reduce
systemic toxicity and increase local control thus it is an effective treatment method which improves
the therapeutic results [5-6].

Hemodynamic model of vascular lesions in HCC region is essential for correct diagnosis and
treatment strategy. Non-invasive imaging modalities for the modeling include ultrasound image,
Doppler scan, magnetic resonance angiography (MRA) and CT angiography (CTA) [7-10].
However, the traditional ultrasound imaging usually cannot provide a detailed blood flow distribution
because of its disadvantages of low spatial resolution, large signal attenuation through bones and
dependence on individual operator’s skill and judgment. The measurement data could be different
with different angle or machine. Although the Doppler ultrasound technique is able to obtain the
blood flow velocity, the measurement using this technique can only provide such information for a
single point. It cannot give a complete set of data for a large region to build the hemodynamic model.
The key techniques used in MRA to evaluate the blood flow velocity include phase contrast (PC) and
time of flight (TOF). These techniques with non-invasive, non-radiation and high in resolution are
effective in the screening of vascular lesions, but the blood flow direction cannot be determined using
these techniques [11]. The CTA can provide 2D and 3D images with high resolution, which presents
the relationship between the lesion and the surrounding blood vessels, however hemodynamic
information is excluded.

Currently, the digital subtraction angiography (DSA) is the most commonly used technique in
diagnosis, image guidance or interventional treatment of vascular lesions. However, the quantitative
information provided by this technique is very limited. Because of this, many papers discussed the
methods of blood flow velocity measurement with angiography, and compared the methods in
principle, characteristics, advantage/disadvantage, etc. In blood flow velocity measurement, the
vessel shape, pulse rate, the heterogeneity in velocity and multi-directional nature make the
measurement complicated [12]. Recently, Siemens released the syngo iFlow imaging that allows for
the dynamic flow evaluation with the visualization in full color by optical flow method, which
potentiates DSA with higher temporal resolution. Shpilfoygel, S.D. et al reviewed over 100
manuscripts related to flow measurement with DSA, and illustrated the advantage of using Optical
flow-type methods [13]. Additionally, a previous study pointed out that the blood flow estimation
using optical flow method is close to the real values [14].

Currently, several imaging modalities have been developed to determine the diagnosis of HCC,
none has emerged with the hemodynamic information with high resolution inside whole vessels. In
this study, we applied the optical flow method to quantify relative velocities of blood flow using
angiography and investigated the vascular analysis on HCC patients who underwent TACE treatment.

The blood flow velocity was calculated by applying the optical flow method on the images taken for



the TACE treatment. The calculated velocity was compared with the Doppler ultrasound
measurement. The velocity in the portal vein was compared between before and after TACE. The

relationship between the Child-Pugh score and the flow velocity in the liver portal vein was analyzed.

Materials and Methods
Patients and Angiography

A total of 40 TACE cases treated in the Radiology Department, China Medical University
Hospital were analyzed in this study. (1) Among them, the information collected from 27 patients
included the DSA images, velocity measurements by Doppler ultrasound and the patients’ liver
function and other related pathological data. For an accurate flow velocity evaluation, every patient
of these 27 cases had DSA and Doppler ultrasound imaging before and after TACE. (2) All 40 cases
were involved in the Child-Pugh score analysis, of which 32 cases were with score A and 8 with
score B. The age of the patients ranged from 55 to 74 years old with 26 male and 14 female. The
average flow velocities at the front, middle and back sections in the portal vein were measured
using the Doppler ultrasound technique and compared with the calculated values. To avoid
differences introduced by different operators, all measurements were performed by the same
radiologist. This study was approved by the China Medical University Hospital, Taiwan
(DMR100-IRB-181).

The DSA imaging used PHILIPS Multi Diagnost Eleva with a 12-inch field of view and 1024
x 1024 pixels. The tube voltage was in the range of 40-150 kV and the tube current 10-1000 mA.
The temporal resolution was 4 frames/second. Two contrast injection methods were used in the
DSA imaging: superior mesenteric artery (SMA) injection to observe the blood flow from SMA to
superior mesenteric vein (SMV) and celiac axis injection to get the blood flow information from the
spleen vein returning to the portal vein. The former method was used in blood flow analysis around

the portal vein, and the latter was to evaluate the blood flow distribution after TACE.

Transarterial Chemoembolization (TACE)

Chemoembolization generates embolization with the intra-arterial administration of drugs
directly to the tumor. During arterial injection, the lipiodol/chemotherapeutic solution is delivered
preferentially to the tumor due to the blood flow characteristics [4, 15]. After disinfection, the
doctor punctures the femoral artery using a puncture needle and put a catheter in there. Normal
saline and 1 cc of heparin is injected to prevent solidification of blood in the catheter. The catheter
is then one-way locked to prevent blood spray and the contrast is injected at SMA to make sure the
location is correct. Alprostadil (Prostaglandin E1, PGE1) is then injected to expand the blood vessel
and the automatic injector is installed. The blood to the hepatic artery flows from the celiac axis.

When the contrast is injected to the celiac axis, the location of the lesion can be determined. With the



lesion location determined, the oily contrast Lipidol, which intends to cover the lesion, is injected to
the entrance artery section closest to the lesion site with 20 mg of chemo drug Adrimycine and 1 cc of
cefa mixed with Gelfoam powder. Embolization is then performed in the artery leading to the tumor

site, which stops nutrition to the tumor cells and eventually kills the tumor cells.

Blood Flow Estimation

Mutual information was used for initial image registration due to organ motion resulted from
heart beat, respiration and intestinal peristalsis during the image acquisition. A series of successive
images were aligned together based on maximization of mutual information as the pre-processing
for blood flow estimation [16-18]. Optical flow method (OFM) developed for motion estimation is
applied on the aligned images for blood flow estimation in this study [19]. The spatial accuracy of
blood flow estimation calculated by OFM was reported in the previous studies [20-23]. In this study,
the OFM algorithm was applied to calculate the velocity of blood flow on two successive images of
DSA. The velocity matrix includes lateral and inferior-superior displacements respectively for each
pixel in the images. The OFM calculation equation is implemented in the computer program as

shown below.
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where n is the number of iterations and "V is the average velocity derived from the surrounding

voxels, f is the image intensity, a is the weighting factor of which the value is empirically set at 5

for DSA image.

Phantom Study

For the feasibility study using OFM for blood flow velocity calculation, two 15 x 15 x 13 cm’
acrylic phantoms (Fig. 1a) were designed and made to get the accuracy of this method, one with
straight tube (Fig. 1b) and the other with curved tube (Fig. 1c¢). The phantoms were filled with
gelatin (procine skin, type A, 300 Bloom, Sigma Aldrich) for ultrasound imaging. The diameter of
the tubes was 4.0 mm. A pump was connected to the tube to inject the diluted contrast through the
phantom when imaging using Doppler ultrasound (Siemens Acuson X150). A CH5-2 convex probe
for abdomen diagnosis was used. The frequency was 2-5 MHz and the Doppler angle was 60
degrees. A total of 13 points were selected for the straight tube phantom to scan for the average flow
velocity. For the curved tube phantom, 11 points were selected. The DSA imaging was done at the
same time using Philips Multi Diagnost Eleva with a temporal resolution of 4 frame/s (Fig. 1d).

OFM was used to calculate the flow velocity and the values were compared with the Doppler



ultrasound measurements.

Results
Accuracy in phantom

For the straight tube phantom, the average velocity by the OFM was 75.36 pixel/frame, while
the average flow velocity over the 13 points by Doppler ultrasound imaging was 69.44 cm/s. For the
curved tube phantom, the average velocity by OFM was 79.4 pixel/frame and the average velocity
by Doppler ultrasound was 66.23 cm/s. The relationship between the OFM calculations and
Doppler ultrasound measurements was found to be linear with R>=0.99 in linear data fitting for both

straight and curved tube phantom.

Clinical patients analysis

For clinical patients data relationship between the OFM calculated blood velocity values and
the Doppler ultrasound measured ones over the 27 TACE cases, the fitted equation was
y=24.65x-2.33 with R?=0.69 and the correlation coefficient was 0.83 which means the data were
highly positively correlated. The blood flow distribution image uses color coding to illustrate the
spatial blood flow velocity variation with red meaning fast flow. Fig. 2 is a set of blood flow
mapping images of the portal vein region for an 80 years old female patient. Because of the high
pressure in the portal vein, this patient had varicose portal vein in the left lobe of liver. In this figure,
the flow velocity values were normalized for comparison. Fig. 2a shows the portal vein circulation
with the contrast injected in SMA. The varicosis can be clearly seen. Fig. 2b and 2¢ shows the
blood flow from the spleen vein to the portal vein before and after the embolization, with contrast
injected in the celiac axis. The blood flow changes before and after the treatment can be observed in
this figure. The dynamic flows mapping with color-coding superimposed on conventional DSA
before and after the embolization were presented in supplementary material.

Fig. 3 shows the comparison of the flow velocity before and after TACE treatment/
Child-Pugh A/ Child-Pugh B for all the 40 cases. It indicates that after TACE, the minimum,
maximum and mean velocities in the portal vein all decreased (p<0.05). Flow in portal vein with
Child-Pugh A and B were 1.18+0.20 and 0.74+0.16 pixel/frame, respectively. Additionally, as the
Child-Pugh score is an indicator of the degree of the cirrhosis of the liver, with a higher score, the

velocity in the portal vein is significantly lower (p<0.01).

Discussion

With quantitative flow estimation, DSA provides not only high spatial and temporal resolution
of images, but also the hemodynamic information. The relative quantitative blood flow estimation
by applying optical flow method to peri-operatively monitor TACE patient recieving embolization
was presented in this study. Color coding superimposed on DSA image quantitatively illustrates the
flow value determined by OFM, e.g. the red color (on image and color bar of Fig. 2) quantitatively
indicates the flow of 20 pixel/second. However, on a conventional angiography image, the

hemodynamics is illustrated on sequential opacification of the vascular structures with grey scales.



The interpretation is qualitatively rather than quantitatively, and usually based on physicians
experience and observation. Optical flow analysis enhanced the inherent superior temporal value of
DSA, which transformed it into a powerful parametric hemodynamic marker for therpapeutic
implication.

OFM basically calculates the flow information according to the changes in image intensity on
two successive images and the unit of blood flow was pixel per second. Flow motion defined by
pixel change versus time frame was different from actual velocity generally used in distance with
time (cm/s). In the phantom experiment, the flow velocity was measured by Doppler ultrasound and
the DSA images were analyzed and the flow velocity was calculated using OFM. The relationship
between pixel/frame and cm/second is strongly associated with each other (R?>=0.99). This indicates
that applying OFM on DSA images to get the blood flow velocity distribution is feasible and
practical. The concept of Bland-Altman difference plot is to calculate the difference of a physical
quantity using two different methods and plot the difference distribution. If the difference points are
around 0, then one can conclude that the two methods are close to each other. The horizontal axis in
Fig. 4 is the average velocity by OFM and Doppler ultrasound, the vertical axis is their difference.
The horizontal line in the middle is the average difference and the upper and lower lines define the
95% confidence region (average + 1.96SD). All the difference points are within the 95% confidence
region, which means the OFM calculated and the Doppler ultrasound measured velocity values are
all within the tolerant error range, and OFM calculated velocity values are consistent with the
measurements. OFM was used in this study to calculate the spatial motion of the contrast on the
DSA images with a sampling rate of 4 frames/s. The blood velocity was thus calculated using the
spatial displacement and the time interval. There have been some reports of using OFM to calculate
blood flow. In 1995, Imbert published a paper on the usage of OFM in blood flow calculation on
DSA images of simulated blood vessels [24]. The correlation coefficient between the calculations
and the real values was reported to be 0.99 and the errors were within 1.5%. Based on the papers,
the accuracy of using OFM to calculate blood flow velocity is high. However, the majority of the
papers were based on the experiments in which phantoms were used to simulate blood flows. The
present study not only applied OFM in a phantom study but also used OFM on clinical DSA images
in blood flow velocity calculations.

The analysis of the blood velocity in the portal vein versus the Child-Pugh score was aimed to
get the relationship between the cirrhosis of the liver and the velocity in the portal vein. Clinically,
the Child-Pugh score is used to evaluate the degree of the cirrhosis of the liver, higher score means
more serious of the cirrhosis. Our analysis demonstrated that the velocity in the portal vein is lower
with higher Child-Pugh score (Child-Pugh A: 1.18+0.20 pixel/frame, Child-Pugh B:0.74+0.16
pixel/frame), which is consistent with the 1991 report by Gianni Zironi [25] in which the velocity in
the portal vein versus the liver portal vein pressure was reported. Because one of the common
complications of the cirrhosis is high liver portal vein pressure, with more serious cirrhosis, the
probability of high liver portal vein pressure is higher, thus the velocity in the portal vein is lower.
Receiver operator characteristic curve was applied to determinate of the Child-Pugh A-B score

versus the velocity in the portal vein [26]. The horizontal axis is the specificity and the vertical axis is



the sensitivity. The specificity represents the ratio of the correctly given the Child-A score with a
certain mean velocity in the portal vein while the sensitivity represents the ratio of the correctly given
the Child-B score based on the mean velocity in the portal vein. The curve demonstrates that the trend
is (0, 1), indicating that the blood velocities in the portal vein can clearly distinguish the Child-Pugh
scores. The area under the curve is 0.9688, very close to 1, which is an indication that the accuracy of
using the velocity in the portal vein to determine Child-Pugh score is high. Table 1 lists the sensitivity,
specificity and accuracy of using the velocity in the portal vein to determine the Child-Pugh score A
or B of the top 6 cases. The accuracy was higher than 80% for all the cases with a maximum value of
92.5%.

Limitation of the method

OFM is an image intensity gradient based deformable registration method. It detects the grey
level changes between images taken at different time and determines the pixel-to-pixel
correspondence between the images. Two fundamental assumptions are involved in OFM registration:
1. the intensity of a certain point in an image does not change with time and 2. the surrounding points
move with a similar manner, which is called the smoothness of motion assumption. In this study,
OFM was applied on real clinical DSA images. The following limitations must be considered: 1.
because of the smoothness of motion assumption, the blood flow motion must not violate this
assumption. 2. Since OFM looks for the displacement of the corresponding points on two images and
calculates the velocity based on the displacement values, the result is relative velocity but not
absolute velocity. Considering these two issues, the portal vein was selected for the velocity
calculation. In addition to the consideration that the portal vein is an important vessel in the liver, the
blood flow in the portal vein matches the smoothness of motion assumption for OFM’s application
was the other reason this site was selected. Additionally, before the statistic analysis on the calculated
velocity values, the values were normalized and then compared with the Doppler ultrasound

measurements. This normalization process makes the statistic analysis meaningful.

Conclusions

The imaging technique introduced in this paper provides add-on quantitative information of
flows to DSA. It helps the convertion of the qualitative hemodynamic information on DSA, that is
usually based on physicians experience and observation, into objective and parametric information
and can subsequently help refine clinical therapeutic strategy. The presented study is the first report
of hemodynamic analysis in relative quantifications of blood flow in portal vein of HCC patients
using DSA. DSA from angiography with quantitative blood flow information may assist analysis in
the treatmnet of TACE.

Acknowledgment
This work was financially supported by the China Medical University Grant (CMU-TC-03).

References



10.

11.

12.

13.

14.

A. Roche, B.V. Girish, T. de Ba¢re, E. Baudin, V. Boige, D. Elias, P. Lasser, M. Schlumberger
and M. Ducreux, “Trans-catheter arterial chemoembolization as first-line treatment for hepatic
metastases from endocrine tumors,” Eur. Radiol., 13: 136-140, 2003.

K. Stuart,”“Chemoembolization in the management of liver tumors,” Oncologist., 8: 425437,
2003.

J. A. Marrero, R. J. Fontana, A. Barrat, F. Askari, H. S. Conjeevaram, G. L. Su and A. S. Lok,
“Prognosis of hepatocellular carcinoma: comparison of 7 staging systems in an American
cohort,” Hepatology., 41: 707-716, 2005.

T. Konno, “Targeting cancer chemotherapeutic agents by use of lipiodol contrast medium,”
Cancer., 66: 1897-1903, 1990.

J. Xia, Z. Ren, S. Ye, D. Sharma, Z. Lin, Y. Gan, Y. Chen, N. Ge, Z. Ma, Z. Wu, J. Fan, L.
Qin, X. Zhou, Z. Tang and B. Yang, “Study of severe and rare complications of transarterial
chemoembolization (TACE) for liver cancer,” Eur. J. Radiol., 59: 407-412, 2006.

E. Liapi and J. F. Geschwind, “Transcatheter Arterial Chemoembolization for Liver Cancer: Is
It Time to Distinguish Conventional from Drug-Eluting Chemoembolization?,” Cardiovasc.
Interv. Radiol., 34: 37-49, 2011.

Y. J. Jang, K. W. Kim, W. K. Jeong, Y. M. Shin, G. W. Song, S. Hwang and S. G. Lee,
“Influence of Preoperative Portal Hypertension and Graft Size on Portal Blood Flow Velocity
in Recipient After Living Donor Liver Transplantation With Right-Lobe Graft,” Am. J.
Roentgenol.,  194: 165-170, 2010.

T. Fuyjita, K. Ito, M. Tanabe, S. Yamatogi, H. Sasai and N. Matsunaga, “lodized oil
accumulation in hypervascular hepatocellular carcinoma after transcatheter arterial
chemoembolization: comparison of imaging findings with CT during hepatic arteriography,” J.
Vasc. Interv. Radiol., 19: 333-341, 2008.

R. Kloeckner, G. Otto, S. Biesterfeld, K. Oberholzer, C. Dueber and M. B. Pitton, “MDCT
Versus MRI Assessment of Tumor Response After Transarterial Chemoembolization for the
Treatment of Hepatocellular Carcinoma,” Cardiovasc. Interv. Radiol., 33: 532-540, 2010.

H. Toyoda, T. Kumada and Y. Sone, “Impact of a Unified CT Angiography System on
Outcome of Patients with Hepatocellular Carcinoma,” Am. J. Roentgenol.,192: 766-774, 2009.
A. Darwich, F. Langevin and S. Capellino, “Signal reduction at high velocities during one plug
MR inflow,” IRBM., 30: 273-280, 2009.

K. S. Rhode, T. Lambrou, D. J. Hawkes and A. M. Seifalian, “Novel approaches to the
measurement of arterial blood flow from dynamic digital X-ray images,” IEEE Trans. Med.
Imaging., 24: 500-513, 2005.

S. Shpilfoygel, R. Close, D. Valentino and G. Duckwiler, “X-ray videodensitometric methods
for blood flow and velocity measurement: a critical review of literature,” Med. Phys., 27:
2008-2023, 2000.

J. Fitzpatrick, “A method for calculating velocity in time dependent images based on the
continuity equation,” |IEEE Computer Society Conference on Computer Vision and Pattern
Recognition., 78-81, 1985.



15. Y. Sasaki, S. Imaoka, H. Kasugai, M. Fujita, S. Kawamoto, S. Ishiguro, J. Kojima, O.
Ishikawa, H. Ohigashi and H. Furukawa, “A new approach to chemoembolization therapy for
hepatoma using ethiodized oil, cisplatin, and gelatin sponge,” Cancer., 60: 1194-1203, 1987.

16. J. P. Pluim, J. B. Maintz and M. A. Viergever, “Mutual-information-based registration of
medical images: a survey,” IEEE Trans. Med. Imaging.,22: 986-1004, 2003.

17. F. Maes, A. Collignon, D. Vandermeulen, G. Marchal and P. Suetens, “Multimodality image
registration by maximization of mutual information,” |IEEE Trans. Med. Imaging.,16: 187-198,
1997.

18. W. M. Wells III, P. Viola, H. Atsumi, S Nakajima and R. Kikinis, “Multi-modal volume
registration by maximization of mutual information,” Med. Image Anal., 1:  35-51, 1996.

19. B. K. P. Horn and B. G.. Schunck, “Determining optical flow,” Artif. Intell., 17: 185-203, 1981.

20. T. C. Huang, W. C. Lin, C. C. Wu, G. Zhang and K. P. Lin, “Experimental estimation of blood
flow velocity through simulation of intravital microscopic imaging in micro-vessels by
different image processing methods,” Microvasc. Res., 80: 477-483, 2010.

21. C. C. Wu, G. Zhang, T. C. Huang and K. P. Lin, “Red blood cell velocity measurements of
complete capillary in finger nail-fold using optical flow estimation,” Microvasc. Res., 78:
319-324, 2009.

22. C.C. Wu, W. C. Lin, G. Zhang, C. W. Chang, R. S. Liu, K. P. Lin and T. C. Huang, “Accuracy
evaluation of RBC velocity measurement in nail-fold capillaries,” Microvasc. Res.,81: 252-260,
2011.

23. T. C. Shih, G. Zhang, C. C. Wu, H. D. Hsiao, T. H. Wu, K. P. Lin and T. C. Huang,
“Hemodynamic analysis of capillary in finger nail-fold using computational fluid dynamics
and image estimation,” Microvasc. Res., 81: 68-72, 2010.

24. ]. Meunier, B. Imbert, R. Mongrain, G. Hudon and M. Bertrand, “Optical flow assessment of
parabolic velocity profile in cineangiography: A simulation study,” Engineering in Medicine
and Biology Society, IEEE 17th Annual Conference., 1: 419-420, 1995.

25. G. Zironi, S. Gaiani, D. Fenyves, A. Rigamonti, L. Bolondi and L. Barbara, “Value of
measurement of mean portal flow velocity by Doppler flowmetry in the diagnosis of portal
hypertension,” J. Hepatol., 16: 298-303, 1992.

26. B. J. McNeil, E. Keeler, S. J. Adelstein, “Primer on certain elements of medical decision
making,” N. Engl. J. Med., 293: 211-215, 1975.

Figure legends

Fig 1: Phantom (a) Filled with Gelatin (b)Plastic tubes-Straight (c)Plastic tubes-Curve (d) an example
image.

Fig 2: An example of the blood flow distribution with color coding. (a) The portal vein flow image
with the contrast injected in SMA. (b) The portal vein flow image before TACE with the
contrast injected in celiac axis. (c) The portal vein flow image after TACE with the contrast
injected in celiac axis.

Fig 3: The statistic comparison of blood flow before and after TACE/ Child-Pugh A-B.



Fig 4: Bland-Altman difference plot by OFM and Doppler ultrasound measurement.



