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Abstract
BACKGROUND
[bookmark: _Hlk129099509]Hepatic venous pressure gradient (HVPG) is the gold standard for diagnosis of portal hypertension (PH), invasiveness and potential risks in the process of measurement limited its widespread use. 

AIM
To investigate the correlation of computed tomography (CT) perfusion parameters with HVPG in PH, and quantitatively assess the blood supply changes in liver and spleen parenchyma before and after transjugular intrahepatic portosystemic shunt (TIPS).

METHODS
[bookmark: _Hlk129100120]Twenty-four PH related gastrointestinal bleeding patients were recruited in this study, and all patients were performed perfusion CT before and after TIPS surgery within 2 wk. Quantitative parameters of CT perfusion, including liver blood volume (LBV), liver blood flow (LBF), hepatic arterial fraction (HAF), spleen blood volume (SBV) and spleen blood flow (SBF), were measured and compared before and after TIPS, and the quantitative parameters between clinically significant PH (CSPH) and non-CSPH (NCSPH) group were also compared. Then the correlation of CT perfusion parameters with HVPG were analyzed, with statistical significance as P < 0.05.

RESULTS
For all 24 PH patients after TIPS, CT perfusion parameters demonstrated decreased LBV, increased HAF, SBV and SBF, with no statistical difference in LBF. Compared with NCSPH, CSPH showed higher HAF, with no difference in other CT perfusion parameters. HAF before TIPS showed positive correlation with HVPG (r = 0.530, P = 0.008), while no correlation was found in other CT perfusion parameters with HVPG and Child-Pugh scores.

CONCLUSION
HAF, an index of CT perfusion, was positive correlation with HVPG, and higher in CSPH than NCSPH before TIPS. While increased HAF, SBF and SBV, and decreased LBV, were found after TIPS, which accommodates a potential non-invasive imaging tool for evaluation of PH.
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[bookmark: _Hlk129099405]Core Tip: Transjugular intrahepatic portosystemic shunt (TIPS) is an effective therapy for portal hypertension (PH) related gastro-esophageal variceal bleeding (GEVB). However, the decrease of liver blood supply after TIPS led to a decline in the liver detoxification, which increased potential risk for the occurrence of various complications such as hepatic encephalopathy, liver dysfunction and even liver failure. This study explored the feasibility of computed tomography perfusion imaging in quantitatively evaluating the changes in liver and spleen blood supply in PH related GEVB before and after TIPS, and making correlation analysis between perfusion parameters, hepatic venous pressure gradient and Child-Pugh scores were evaluated.

INTRODUCTION
Portal hypertension (PH) is a main manifestation of increased portal pressure caused by various factors[1-3]. It is commonly caused by liver fibrosis, which leads to a series of complications, such as bleeding from gastroesophageal varices, ascites, infection, etc. Some patients progress to liver cancer, with poor prognosis[4]. The diagnostic gold standard for PH is hepatic venous pressure gradient (HVPG) higher than 5 mmHg, and it has been reported that when HVPG was higher than 10 mmHg, patients were classified into clinically significant PH (CSPH)[1,4,5], with the increased rate of complications and poor 1-year survival rate[5,6]. Transjugular intrahepatic portosystemic shunt (TIPS) is an effective technique for the treatment of PH related complications compared to drug therapy and surgical treatment, especially for patients with gastroesophageal variceal bleeding[5,7]. However, the complications after TIPS, such as hepatic encephalopathy, liver dysfunction and even liver failure[8-11], were also concerned for most patients. Therefore, it is necessary to make non-invasively quantitative evaluation of HVPG and liver blood supply changes after TIPS, which is useful for precise treatment for PH patients, especially for TIPS surgery[12].
Multi-modal imaging, including computed tomography (CT) perfusion, functional magnetic resonance imaging and contrast enhanced ultrasonography, have been applied in the assessment of liver cirrhosis, which demonstrated the capability in non-invasive assessment of HVPG and liver blood supply changes[13-15]. It is reported that CT perfusion can acquire quantitative indices such as blood flow and blood volume through continuous dynamic scanning, which can be used to quantify the blood perfusion of target organs, such as stroke, liver, lung tumors, etc.[16,17] and it has also been applied in assessment of PH related liver cirrhosis. Therefore, our study is to explore the feasibility of CT perfusion imaging in quantitatively evaluating HVPG, and the blood supply changes in liver and spleen for PH patients, and make correlation analysis between perfusion CT parameters and HVPG.

MATERIALS AND METHODS
Patient data
This prospective study was approved by the Institutional Ethics Committee in our hospital, and all written informed consents were obtained from each participate. All patients with recurrent gastroesophageal variceal bleeding caused by PH were recruited for TIPS surgery therapy from January to June of 2018. The inclusion criteria were: (1) Patients with PH related recurrent gastroesophageal bleeding, and prepared to be performed with TIPS surgery; (2) Child-Pugh score and perfusion CT were evaluated within 2 wk before and after TIPS. The exclusive criteria were: (1) Any other etiology causing gastrointestinal bleeding; (2) Primary and/or secondary liver tumors; and (3) Iatrogenic factors causing liver blood supply changes, such as partial hepatectomy, splenectomy, and TIPS before etc; (3) Portal vein and/or hepatic vein lesions affecting liver blood supply, such as portal vein thrombosis leading stenosis higher than 75%, portal vein cavernous transformation, Budd-Chiari syndrome, etc; (4) Dysfunction in vital organs, such as cardiac, renal, respiratory failure; and (5) Any factors made the perfusion CT unavailable, such as motion and metal artifacts, allergic to contrast media.

CT perfusion in liver and spleen
Liver and spleen perfusion CT were performed on Revolution CT (GE Healthcare, WI), with the scanning parameters as follows[17-20]: 100 kVp tube voltage, 50 to 200 mA tube current with automated tube current modulations, 14 of noise index, 5 mm slice thickness, 1.0 s rotation speed, 0.992:1 helical pitch, and ASIR was set at proportion of 80%. Contrast media (Omnipaque, 350) volume was fixed as 50 mL, with 50 mL saline chaser, and were injected in 5 mL/s rate through antecubital with a power injector (Stellant, Medtron, Saarbrucken, Germany). The CT perfusion scanning time was set as 80 s, which included three parts of acquisition as follows: 10 scans with 1 s interscan gap firstly, 12 scans with 2 s interscan gap secondly, and 4 scans with 4 s interscan gap finally for each patient. All patients were compressed with a restriction band to reduce respiratory motion, and were instructed to avoid deep and irregular breathing during the procedure, which reduced respiratory motion artifacts.
All perfusion CT raw data were reconstructed with a 2.5 mm slice thickness, and then the images were sent to a commercial software (CT Perfusion 4D AW 4.7, GE healthcare) for post-processions. First, the images mis-registration between different scanning phase were corrected by iterative registration reconstruction technique. Then, the constructed images were sent to commercial software for post-procession, and regions of interest were selected in different area of liver and spleen separately, and then quantitative parameters of perfusion were calculated, including liver blood volume (LBV), liver blood flow (LBF), hepatic arterial fraction (HAF), splenic blood volume (SBV), and splenic blood flow (SBF). The post-processions have been performed for three times, and the results were averaged as the final parameters.

HVPG measurement, TIPS therapeutic effect assessment and follow-up
All patients were performed with TIPS surgery within 2 wk after CT perfusion, and HVPG was measured in the process of TIPS surgery in accordance with guideline[21]. The process was as follows: Firstly, patients were in fast state for more than 8 h before TIPS surgery, and then local anesthesia was performed to cannulate the right internal jugular vein using Seldinger technique, and all the patients were placed a 5-French balloon catheter (Edwards Lifesciences LLC, United States) into the right hepatic vein for measurement of free and wedged hepatic venous pressures, the process were performed for three times at the same point, and the average of the difference between wedged and free hepatic venous pressure were recorded as the final results of HVPG. Then, TIPS surgery would be performed, and all patients underwent perfusion CT within 2 wk after TIPS. The therapeutic effect would be assessed after 3-mo follow-up, with complications recorded, including hemorrhage, hepatic encephalopathy (HE), liver dysfunction, bile leakage.

Statistical analysis
All statistical analysis was performed with Statistical Package for Social Sciences (SPSS) version 24.0 program. Quantitative results were described as mean ± SD. Normal distribution tests were analyzed with Kolmogorov-Smirnov test. Quantitative indices before and after TIPS, including LBV, HAF, LBF, SBV, were compared with pair-sample t-test, and the pearson correlation analyses were performed with CT perfusion parameters with HVPG and Child-Pugh scores, and a value of P < 0.05 was considered as statistical significance.

RESULTS
Patients characteristics
Thirty-seven patients were recruited in this study at first, and all written informed consents were signed, and 13 patients were excluded finally for the following reasons, including 3 patients with portal vein stenosis higher than 75% caused by portal vein thrombosis, 3 patients with splenectomy, 2 patients with portal vein cavernous transformation, 2 patients diagnosed as hepatic cell carcinoma and 2 patients with severe artifacts caused by respiratory motion in CT perfusion acquisitions, and 1 patients with serious complications of hepatic coma after TIPS. Finally, 24 patients (3/21, female/male) were enrolled in this study, including 11 hepatitis B, 7 alcoholic liver diseases, 3 drug induced hepatitis, 1 autoimmune hepatitis, 1 primary sclerosing cholangitis and 1 idiopathic PH. Patient general data were listed in Table 1.

CT perfusion parameters changes before and after TIPS
The quantitative parameters of CT perfusion before and after TIPS were compared in Table 2. After TIPS, decreased LBV and increased HAF were found, while no difference was shown in LBF. Whereas for SBF and SBV, both spleen blood flow and blood volume increased significantly after TIPS. The baseline of CT maps and time density curves were shown in Figure 1, and the comparison of colored perfusion maps were shown in Figure 2.

CT perfusion comparisons between CSPH and non-CSPH groups
The comparison of the results of CSPH group (n = 13) with non-CSPH (NCSPH) group (n = 11) was shown in Table 3. Before TIPS, there were no significant differences in the blood flow and blood volume of liver and spleen between the CSPH group and the NCSPH group, while the HAF in NCSPH group was much lower than that in CSPH group. After TIPS, no difference was found between the CSPH and NCSPH groups for all CT perfusion parameters.

Correlation analysis of CT perfusion parameters, HVPG and Child-Pugh score
Among CT perfusion parameters, preoperative HAF was correlated with HVPG (r = 0.530, P = 0.008), suggesting that hepatic arterial perfusion parameters were positively correlated with HVPG. Whereas other perfusion parameters before TIPS, including LBF, LBV, SBF and SBV were not correlated with HVPG. All CT perfusion parameters, including liver perfusion parameters LBF, LBV and HAF, and spleen perfusion parameters SBF and SBV, were not correlated with the Child-Pugh score before TIPS. Besides, no correction was found between HVPG and Child-Pugh score.

Therapeutic effect follow-up and postoperative complications
After TIPS placement, all patients received 2-wk and 3-mo reexamination to evaluate the curative effect. All patients had patency of TIPS stents, and no obvious thrombosis was found, no bleeding occurred again, and the ascites were relieved apparently. In terms of complications, there were 4 patients with HE and 1 patient with hepatic insufficiency within 3 mo, all of which occurred within 2 wk after operation. Among them, there was 1 patient with mild HE, 2 patients with moderate HE and 1 patient with severe HE, and they recovered well after liver protection therapy. One patient with hepatic insufficiency occurred within 3 d after the operation, and recovered within 2 wk after rapid correction.

DISCUSSION
CT perfusion demonstrated capacity in quantitatively evaluating the liver blood supply changes after TIPS surgery. Our results suggested that LBV decreased significantly after TIPS procedure (19.2 ± 5.3 vs 12.1 ± 2.4, P < 0.01), while HAF increased (12.3 ± 6.1 vs 56.0 ± 8.8, P < 0.01) significantly. These results showed that the total liver blood supply decreased, but the proportion of hepatic artery blood supply increased after TIPS. It is well-known that TIPS is one of the effective methods for the treatment of PH[4,5,7,22], such as PH related gastro-esophageal variceal bleeding, refractory ascites, etc[1,4,23]. The reason of this results can be explained as follows: The liver is a dual blood supply organ, and, the proportion of hepatic artery is only about 20%-30%, while the portal vein is more than 70% under normal circumstances. For PH patients after TIPS surgery, part of the portal vein blood supply would be drained directly into inferior vena cava through TIPS stent, so the total blood from portal vein system decreased significantly, and the PH would be alleviated[14,20,22,24]. Then, the compensatory hepatic artery blood supply would be increased, which resulted in the obvious increase in hepatic artery supply proportion[25,26]. However, since the compensated blood supply from hepatic artery is not enough to compensate for the decrease in portal venous blood supply, so the effective blood supply of the liver parenchyma still decreased[13,14,20,24,27]. The decrease of total effective blood supply in liver parenchyma increased the potential risk of the occurrence of hepatic dysfunction, hepatic encephalopathy, and even liver failure after TIPS[8-10].
Spleen parenchyma blood supply changes could also be assessed with CT perfusion. Our results suggested that SBF (107.6 ± 32.1 vs 160.6 ± 33.1, P < 0.01) and SBV (12.1 ± 3.0 vs 18.7 ± 3.4, P < 0.01) increased significantly after TIPS. For patients with PH, due to the presence of varicose veins, the formation of collateral circulation and a large amount of ascites caused by the high pressure of the portal venous system, the amount of blood returning to the liver is blocked, thereby reducing the effective circulating blood volume of the body[1,4,13,26]. After TIPS, portal venous blood flow can be directly returned to the systemic circulation through the TIPS shunt, which increases the effective circulating blood volume. Therefore, the arterial blood supply is significantly increased after TIPS[24]. As we all know, the blood supply of the spleen only comes from the arterial system, which explains the increase of SBV and SBF, and may also be an important factor for the increase of HAF in liver.
CT perfusion showed capacity in discriminating CSPH and NCSPH group. It is reported that the rate of various complications in CSPH group is significantly higher than NCSPH group[28]. So, it is necessary to discriminate CSPH and NCSPH non-invasively. Our results suggested that before TIPS, HAF in CSPH group was significantly higher than NCSPH group (18.2 ± 10.9 vs 5.4 ± 2.8, P < 0.01), which means the arterial proportion of liver blood supply in CSPH is much higher than NCSPH group. but no statistical difference was found in LBF and LBV, which means HAF is the only index of CT perfusion in discriminating CSPH with NCSPH before TIPS surgery. However, after TIPS surgery, all CT perfusion parameters, including LBF, LBV and HAF showed no statistical difference between CSPH and NCSPH group. This is because part of the portal vein blood supply into liver had been conducted into inferior vena cava directly through TIPS shunt, so the hemodynamics of liver blood supply had been changed after TIPS. Therefore, HAF of CT perfusion can be used to discriminate CSPH and NCSPH before TIPS.
HAF in CT perfusion could be used as a non-invasive index to assess HVPG. Our results showed that HAF had a positive correlation (r = 0.553, P = 0.008) with HVPG, indicating that with the increase of HVPG, the proportion of hepatic artery blood supply increased gradually in the liver parenchyma. It is reported that HVPG is a surrogate for portal vein pressure[28], so with the increase of HVPG, the portal venous pressure would also increase, and then the resistance of liver blood supply would increase significantly. However, since the hepatic artery blood pressure is much higher than portal vein pressure, so the liver arterial blood supply would continuously drain into liver parenchyma, and the compensated arterial supply even increased with the increase of portal vein pressure and HVPG[20,26]. This is why HAF demonstrated positive correlation with HVPG. However, HVPG showed no correlation with LBV, LBF, SBV and SBF, and this is because many factors can influence the effective blood supply in liver parenchyma, which is partially consistent with the previous studies[14,19]. In addition, all CT perfusion parameters of the liver showed no correlation with the Child-Pugh score, suggesting that the Child-Pugh score can only be used to evaluate the liver function, and can’t reflect the blood supply in the liver parenchyma.
In addition, all TIPS stents were re-examined 2 wk and 3 mo after TIPS surgery in this study, and no shunt restenosis occurred. In terms of complications, there were 4 patients with HE, and 1 patient with hepatic insufficiency, and hepatic insufficiency occurred before operation and 1 d after operation. It was speculated that many factors, such as a long course of disease, recurrent preoperative gastrointestinal bleeding, severe refractory ascites with large amount of hydrothorax, could be correlated with the occurrence of these complications. After reviewing the patient’s data in our study, 4 HE patients showed more than 20% decrease in LBV and LBF, and 40% increase in HAF after TIPS, which is much higher than other patients without complication. Therefore, CT perfusion accommodates a potential predictor for complications after TIPS in PH patients. However, due to the limitation of the sample size, it needs to expand the sample size of the study on whether LBV and LBF can be used as preoperative predictors for postoperative complications after TIPS.
There are some limitations in our studies. Firstly, the sample size is small; secondly, the portal vein thrombosis is a factor leading to the decreased hepatic blood flow, and whether their blood perfusion of the liver will change needs to be further studied; thirdly, many other factors affecting the effective blood volume of liver parenchyma have not been discussed, such as the presence of venous collaterals in the liver, umbilical vein patency, gastric-renal shunt, spleen-kidney shunt; fourthly, Laennec type of pathological grading in liver fibrosis should be included to conduct multivariate analysis for further exploration.

CONCLUSION
In conclusion, HAF, an index of CT perfusion, showed potential capability in noninvasive assessment of HVPG, and demonstrated capability in discriminating CSPH with NCSPH before TIPS surgery, which is important for patients with higher risk. For PH patients after TIPS surgery, the blood volume in liver parenchyma would be decreased significantly, which can be quantitatively assessed with CT perfusion, and it accommodates a potential predictor for complications after TIPS in PH patients, and it is useful for making full evaluations and even take precautions before surgery.

ARTICLE HIGHLIGHTS
Research background
The gold standard for diagnosis of portal hypertension (PH) is the value of hepatic venous pressure gradient (HVPG), which is also widely used in risk stratification for these patients. However, HVPG were limited for the potential risks and invasiveness during the acquisitions, so it is necessary to develop a non-invasive method to assess HVPG. In our study, computed tomography (CT) perfusion was applied to evaluate the blood supply changes before and after transjugular intrahepatic portosystemic shunt (TIPS) surgery, and to investigate the feasibility in non-invasive evaluation of HVPG.

Research motivation
We explore this research to evaluate the feasibility of CT perfusion as the non-invasive surrogate for HVPG, and assess the liver blood supply changes after TIPS, which had the potential application in predicting the occurrence of complications.

Research objectives
The aiming of this study is to investigate the correlation of CT perfusion parameters with HVPG in PH, and quantitatively assess the blood supply changes in liver and spleen parenchyma before and after TIPS.

Research methods
We prospectively recruited 24 PH patients who were performed TIPS surgery for treatment of gastroesophageal bleeding in our hospital. All the patients underwent CT perfusion before and after TIPS surgery. Quantitative parameters, including liver blood volume (LBV), liver blood flow (LBF), hepatic arterial fraction (HAF), spleen blood volume (SBV) and spleen blood flow (SBF), were compared before and after TIPS, and the correlation with HVPG was also analyzed.

Research results
After TIPS, decreased LBV, increased HAF, SBV and SBF were found. HAF before TIPS showed positive correlation with HVPG (r = 0.530, P = 0.008).

Research conclusions
HAF demonstrated potential use in discriminating clinically significant PH (CSPH) than non-CSPH before TIPS. While increased HAF, SBF and SBV, and decreased LBV were found after TIPS, which accommodates a potential non-invasive imaging tool for evaluation of PH.

Research perspectives
Multi-modality research of baseline assessment for PH, including anatomical information, lab results, ultrasonography and functional magnetic resonance imaging should be explored in the future.
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Figure Legends
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Figure 1 Baseline of computed tomography maps and time density curves before and after transjugular intrahepatic portosystemic shunt. A: Baseline of computed tomography (CT) map with regions of interests for input arterial abdominal artery and portal vein before transjugular intrahepatic portosystemic shunt (TIPS); B: Time-density curve of CT perfusion before TIPS, and axis X is time axis with unit of second, while axis Y is density axis with unit of Hounsfield; C: Region of interest in liver parenchyma for perfusion parameters after TIPS; D: Time-density curve of CT perfusion after TIPS, and axis X is time axis with unit of second, while axis Y is density axis with unit of Hounsfield.

[image: ]
Figure 2 A 37-year-old patient with 2 times gastroesophageal bleeding for more than 10-year history of hepatitis B. A-D: Colored map of computed tomography (CT) perfusion parameters were shown as liver blood volume (LBV), hepatic arterial fraction (HAF), spleen blood flow (SBF), and spleen blood volume (SBV) before transjugular intrahepatic portosystemic shunt (TIPS); E-H: Colored map of CT perfusion parameters were shown as LBV, HAF, SBF, and SBV after TIPS. All CT perfusion parameters were calculated with average of multiple irregular regions of interest in the color maps, which showed decreased LBV and increased HAF, SBF and SBV.

Table 1 Patients general data
	Characteristic
	Value

	Sex (female/male), n
	3/21

	Age (yr), mean ± SD
	51.3 ± 9.7

	Height (cm), mean ± SD
	168.7 ± 6.1

	Weight (kg), mean ± SD
	63.4 ± 12.5

	Previous episodes of variceal bleeding, mean ± SD
	3 ± 2

	Treatment history, n (%)
	

	β blockade only
	2 (8.3)

	Sclera therapy only
	4 (16.7)

	β blockade and sclerotherapy
	18 (75.0)

	Child-Pugh stage, n (%)
	

	A
	5 (20.8)

	B
	18 (75.0)

	C
	1 (4.2)

	Ascites, n (%)
	

	None
	16 (66.7)

	Mild
	2 (8.3)

	Severe
	6 (25.0)

	HVPG in mmHg, n (%)
	

	< 10
	11 (45.8)

	≥ 10
	13 (54.2)


HVPG: Hepatic venous pressure gradient; SD: Standard deviation.

Table 2 Perfusion computed tomography parameters changes before and after transjugular intrahepatic portosystemic shunt
	Parameters
	Before TIPS
	After TIPS
	P value

	Liver parenchyma
	
	
	

	LBF
	97.2 ± 32.2
	85.8 ± 37.9
	0.232

	LBV
	19.2 ± 5.3
	12.1 ± 2.4
	< 0.001

	HAF (× 10-2)
	12.3 ± 6.1
	55.3 ± 9.9
	< 0.001

	Spleen parenchyma
	
	
	

	SBF
	107.6 ± 32.1
	160.6 ± 33.1
	< 0.001

	SBV
	12.1 ± 3.0
	18.7 ± 3.4
	< 0.001


TIPS: Transjugular intrahepatic portosystemic shunt; LBF: Liver blood flow; LBV: Liver blood volume; HAF: Hepatic arterial fraction; SBF: Spleen blood flow; SBV: Spleen blood volume.

Table 3 Computed tomography perfusion comparisons between clinically significant portal hypertension and non-clinically significant portal hypertension before and after transjugular intrahepatic portosystemic shunt
	Parameters
	NCSPH (n = 11)
	CSPH (n = 13)
	P value

	Before TIPS
	
	
	

	Liver parenchyma
	
	
	

	LBF
	103.6 ± 23.3
	91.7 ± 38.3
	0.377

	LBV
	19.5 ± 2.9
	18.9 ± 6.9
	0.796

	[bookmark: _Hlk106196977]HAF (× 10-2)
	5.4 ± 2.8
	18.2 ± 10.9
	0.001

	Spleen parenchyma
	
	
	

	SBF
	95.9 ± 25.1
	117.4 ± 34.9
	0.102

	SBV
	12.4 ± 3.5
	12.0 ± 2.7
	0.747

	After TIPS
	
	
	

	Liver parenchyma
	
	
	

	LBF
	77.5 ± 33.9
	92.8 ± 41.0
	0.336

	LBV
	11.3 ± 2.4
	12.7 ± 2.2
	0.165

	HAF (× 10-2)
	54.4 ± 11.4
	56.0 ± 8.8
	0.711

	Spleen parenchyma
	
	
	

	SBF
	150.0 ± 35.7
	169.9 ± 29.1
	0.153

	SBV
	19.2 ± 3.8
	18.3 ± 3.0
	0.522


[bookmark: _Hlk129101364]CSPH: Clinically significant portal hypertension; NCSPH: Non-clinically significant portal hypertension; TIPS: Transjugular intrahepatic portosystemic shunt; LBF: Liver blood flow; LBV: Liver blood volume; HAF: Hepatic arterial fraction; SBF: Spleen blood flow; SBV: Spleen blood volume.
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