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Abstract: Aims: The present study evaluated the utility of xenon computed tomography 

(Xe-CT) as a noninvasive diagnostic procedure for the measurement of hepatic tissue blood 
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flow (TBF) in patients with nonalcoholic fatty liver disease (NAFLD) or chronic hepatitis C 

(CH-C). Methods: Xe-CT was performed in 93 patients with NAFLD and in 109 patients 

with CH-C. Subjects were classified into one of three groups, based on fibrosis stage: group 1, 

no bridging fibrosis; group 2, bridging fibrosis; and group 3, liver cirrhosis. Correlations 

between hepatic TBFs in each fibrosis stage were examined. Results: In group 1, portal 

venous TBF (PVTBF), hepatic arterial (HATBF), and total hepatic TBF (THTBF) were 

significantly lower in patients with in nonalcoholic steatohepatitis (NASH) than in those 

with CH-C (p < 0.001, p < 0.05, p < 0.001, respectively). In group 2, PVTBF and THTBF 

were significantly lower in patients with in NASH than in those with CH-C (p < 0.001,  

p < 0.05, respectively). In group 3, hepatic TBFs were not significantly different when 

comparing patients with NASH and those with CH-C. Conclusions: PVTBF decreased due 

to fat infiltration. Therefore, hemodynamic changes occur relatively earlier in NAFLD than 

in CH-C. Patients with NASH should be monitored carefully for portal hypertensive 

complications in the early fibrosis stage. 

Keywords: nonalcoholic steatohepatitis; chronic hepatitis C; hepatic tissue blood flow;  

Xe computed tomography 

 

Abbreviations: Xe-CT, Xenon computed tomography; TBF, Tissue blood flow;  

NAFLD, Nonalcoholic fatty liver disease; SS, Simple Steatosis; CH-C, Chronic hepatitis C;  

US, Ultrasonography; CT, Computed tomography; HATBF, Hepatic arterial tissue blood flow;  

PVTBF, Portal venous tissue blood flow; THTBF, Total hepatic tissue blood flow; LC, Liver cirrhosis; 

NASH, Nonalcoholic steatohepatitis. 

1. Introduction 

The liver receives a dual blood supply from the portal vein and hepatic artery. These systems use 

independent mechanisms for adjustment of blood flow. Hepatic TBF has been evaluated using various 

noninvasive methods, based on advances in imaging modalities, such as ultrasonography (US) [1–4], 

computed tomography (CT) [5], and magnetic resonance imaging (MRI) [6]. For other methods, such as 

color Doppler US [1–3], contrast-enhanced US [4], and angiography [7], intravascular hepatic TBF is 

calculated by measuring flow velocities and vessel diameters of the portal vein and hepatic artery. 

Polasek et al. reported that molecular MRI of liver fibrosis with a collagen-specific probe identifies 

fibrotic tissue in two rodent models of disease [8,9]. Xe-CT is a form of perfusion imaging that 

combines xenon gas inhalation with CT to quantify and visualize TBF [10]. As it is a convenient and 

non-invasive method, Xe-CT has been widely used in neurosurgical practice to evaluate  

cerebral TBF [10,11]. In patients with chronic liver disease, HTBF generally decreases with  

disease progression [12]. 

There are many reports concerning noninvasive testing to distinguish fibrosis stage in patients with 

chronic liver disease [2,13,14]. Schneider et al. described noninvasive assessment of liver steatosis, 

fibrosis and inflammation in CH-C [13] and reported that, although Duplex-Doppler of the portal and 
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hepatic veins is not a substitute for histologic grading and staging, portal vein undulations can predict 

liver cirrhosis with considerable accuracy. We previously reported that the PVTBF measured using 

Xe-CT reflects progression of fibrosis in CH-C and NASH [15–17]. 

Moreover, in patients with liver cirrhosis, we previously reported that hepatic TBF varied according 

to the etiology of the disease [18–20]. However, no studies have compared the TBF between NAFLD 

and CH-C in detail. Therefore, the goal of the present study was to evaluate the utility of Xe-CT as a 

noninvasive diagnostic procedure for the measurement of hepatic TBF in patients with NAFLD or 

CH-C, and characterize the difference in the hepatic TBF between patients with initial chronic hepatitis 

and those with liver cirrhosis. 

2. Results 

2.1. Hepatic TBF in NAFLD Patients 

The TBF values in NAFLD are shown in Table 1. PVTBF in SS was significantly higher than those in 

the other stages (p < 0.05, p < 0.05, p < 0.001, p < 0.001, p < 0.001, respectively). PVTBF was higher in 

stage 1 and stage 2 than in stage 4B (p < 0.01, p < 0.05, respectively). PVTBF maps changed from green 

to blue according to advancing fibrosis stage in NAFLD (Figure 1). HATBF was not significantly 

different among the fibrosis stages. 

THTBF in SS was significantly higher than those in stage 2, stage 3, stage 4A, and stage 4B (p < 0.01, 

p < 0.05, p < 0.01, p < 0.001, respectively). THTBF in stage 1 was significantly higher than that in stage 

4B (p < 0.05). With fibrosis progression, PVTBF and THTBF decreased significantly (p < 0.001,  

r = −0.487, p < 0.001, r = −0.449, respectively). 

2.2. Hepatic TBF in CH-C Patients 

The TBF values in NAFLD are shown in Table 2. PVTBF in stage 1 was significantly higher than 

those in the other stages (p < 0.01, p < 0.01, p < 0.001, p < 0.001, respectively). PVTBF in stage 2 was 

significantly higher than that in stage 4B (p < 0.01). PVTBF maps changed from green to blue according 

to advancing fibrosis stage in CH-C (Figure 1). HATBF was not significantly different among the 

fibrosis stages. THTBF in stage 1 was significantly higher than those in the other stages (p <0.01,  

p < 0.01, p < 0.001, p < 0.001, respectively). With fibrosis progression, PVTBF and THTBF decreased 

significantly (p < 0.001, r = −0.550, p < 0.001, r = −0.408, respectively). 

Table 1. Correlation between disease progression (degree of fibrosis) and hepatic TBF  

in NAFLD. 

 

SS  

(n = 12) 

Stage 1  

(n = 27) 

Stage 2  

(n = 24) 

Stage 3  

(n = 14) 

Stage 4A  

(n = 11) 

Stage 4B  

(n = 5) 

PVTBF 41.83 ± 6.33 34.54 ± 7.57 33.57 ± 7.57 29.99 ± 6.91 28.88 ± 5.73 22.36 ± 4.44 

HATBF 25.48 ± 8.97 23.10 ± 11.14 17.47 ± 7.28 20.58 ± 8.61 18.99 ± 7.26 14.02 ± 4.88 

THTBF 67.31 ± 13.03 57.64 ± 14.11 51.04 ± 12.57 50.56 ± 13.86 47.87 ± 9.75 36.38 ± 8.85 
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Figure 1. Typical PVTBF maps of NAFLD and CH-C in each fibrosis stage. Measurement 

of hepatic tissue blood flows (TBFs) and confidence values obtained using xenon computed 

tomography (Xe-CT). The color in each blood flow map changes from blue to red with 

increasing blood flow. 

 

Table 2. Correlation between disease progression (degree of fibrosis) and hepatic TBF  

in CH-C. 

 

Stage 1  

(n = 34) 

Stage 2  

(n = 29) 

Stage 3  

(n = 21) 

Stage 4A  

(n = 14) 

Stage 4B  

(n = 11) 

PVTBF 52.56 ± 13.55 41.70 ± 12.91 39.61 ± 8.79 34.39 ± 9.33 29.86 ± 6.46 

HATBF 26.82 ± 15.65 22.36 ± 8.14 19.84 ± 11.89 18.67 ± 9.57 20.26 ± 17.79 

THTBF 79.38 ± 22.88 64.07 ± 16.14 59.45 ± 13.22 53.06 ± 11.89 50.12 ± 17.00 

2.3. Hepatic TBF in Each Group 

The TBF values in each group are shown in Table 3 and in Figure 2. In group 1, PVTBF, HATBF  

and THTBF in NASH were significantly lower than those in CH-C (p < 0.001, p < 0.05, p < 0.001, 

respectively). In group 2, PVTBF and THTBF in NASH were significantly lower than those in CH-C  

(p < 0.001, p < 0.05, respectively). In group 3, hepatic TBFs were not significantly different between 

NASH and CH-C. 
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Table 3. Comparison of hepatic TBF between NASH and CH-C. 

NASH (n = 72) CH-C (n = 90) p value 

n = 51 Group 1 n = 34 

PVTBF 34.08 ± 7.51 52.56 ± 13.55 p < 0.001 
HATBF 20.45 ± 9.85 26.82 ± 15.65 0.024 
THTBF 54.53 ± 13.69 79.38 ± 22.88 p < 0.001 

n = 14 Group 2 n = 50 

PVTBF 29.99 ± 6.91 40.85 ± 11.35 p < 0.001 
HATBF 20.58 ± 8.61 21.33 ± 9.81 0.796  
THTBF 50.56 ± 13.86 62.18 ± 15.05 0.012  

n = 7 Group 3 n = 6 

PVTBF 28.74 ± 6.78 36.93 ± 8.50 0.079  
HATBF 15.63 ± 4.04 16.83 ± 4.65 0.627  
THTBF 44.37 ± 8.01 53.77 ± 10.10 0.088  

CT findings were correlated with fibrosis classifications based on liver biopsies, which have been taken from 

all patients.NASH patients were evaluated on the basis of Brunt’s classification, and CH-C patients were 

evaluated on the basis of Desmet’s classification. Group 1: non-bridging fibrosis (NASH stage 1 and 2,  

CH-C stage 1); Group 2: bridging fibrosis (NASH stage 3, CH-C stage 2 and 3); Group 3: liver cirrhosis  

(NASH stage 4, CH-C stage 4). 

Figure 2. Comparison of hepatic TBF between NASH and CH-C. (a) PVTBF;  

(b) HATBF; (c) THTBF; NS: not significant. 

(a) 

(b) 
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Figure 2. Cont. 

 
(c) 

3. Discussion 

In chronic liver disease, hepatic TBF generally decreases with disease progression [12]. Numerous 

studies have reported that portal venous flow decreases and a compensatory increase in hepatic arterial 

flow probably occurs to maintain total HBF with progression of liver disease. Kobayashi et al. [16] 

assessed the usefulness of Xe-CT, as a noninvasive method of quantitatively and visually determining  

hepatic TBF, and xenon solubility (λ value) simultaneously with TBF, in the evaluation of NASH 

pathophysiology. We assessed the difference in the hepatic TBF between patients with initial chronic 

hepatitis and those with liver cirrhosis in NASH and CH-C. Furthermore, we attempted to clarify 

influence of hepatic TBF on accumulation of fat in the liver by comparison NASH with CH-C. 

Furthermore, in the present study, we attempt to clarify influence of hepatic TBF on hepatic steatosis 

in the patients with NASH and CH-C. 

The manner of fibrosis progression in NASH is different from that in CH-C. Initial fibrosis appears 

periportal area in CH-C. On the other hand, initial fibrosis appears around the area of central vein in 

NASH. With fibrosis progression, PVTBF decreases in both CH-C and NASH. However, the manner of 

hepatic TBF in NASH is different from that in CH-C. We definitely recognize the difference between 

Brunt’s classification and Desmet’s classification. As the manner of progression of liver remodeling 

differs between NAFLD and CH-C, we cannot directly compare both hepatic TBF. Therefore, to 

match the fibrotic element, we devised this classification (our original classification) (Figure 3).  

By satisfying the fibrotic condition using our classification, we make it possible to compare the hepatic 

TBF between NASH and CH-C. Despite the absence of fibrosis in SS, PVTBP was similar when 

comparing SS and CH-C stage 2. This suggests that PVTBF and THTBF in NASH were lower than that 

in CH-C in the earlier fibrosis stage. 

Mendes et al. investigated the prevalence and noninvasive predictors of portal hypertension in 

patients with NAFLD [21]. They reported that one hundred of 354 NAFLD patients had portal 

hypertension at the time of NAFLD diagnosis. Further, of the 204 patients with no or mild fibrosis 

(stages, 0–2), 12 patients had portal hypertension (6%), meaning that they had a significantly higher 

grade of steatosis, based on biopsy analysis when compared with the 192 patients without portal 
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hypertension (94%). Therefore, we considered that the hemodynamic changes in NAFLD occurred 

relatively earlier than those in CH-C. 

Alteration in hepatic microcirculation in fatty human donor livers was first observed during organ 

retrieval before mobilization by Seifalian et al. [22] using laser Doppler flowmetry. A significant 

reduction in hepatic microcirculation in liver donors with steatosis was found when compared with that 

in normal liver donors [23]. Experimental studies in animal models with fatty liver showed that fatty 

infiltration, classified as mild (i.e., <30%), moderate (i.e., 30%–60%), or severe (i.e., >60%), reduces 

hepatic blood flow and microcirculation, and that there was an inverse correlation between the degree of 

fat infiltration and both total hepatic blood flow and flow in the microcirculation [23]. The severity of 

steatosis has a greater effect on the microcirculation than on total liver blood flow [24,25]. In addition, 

Hayashi et al. [26] studied alcoholic liver disease and measured hepatic blood flow using a hydrogen 

clearance method. These investigators reported that hepatic blood flow decreased with fatty change and 

fibrotic change. With fatty change alone, hepatic blood flow decreased, but with both fatty change and 

fibrotic change, hepatic blood flow clearly decreased further. 

The characteristics of NASH resemble the histopathological findings of alcoholic liver disease; thus, 

the relationship between fatty change, fibrotic change, and hepatic blood flow, is thought to be similar 

when comparing patients with NASH and patients with alcoholic disease. In previous studies using 

Xe-CT, we compared hepatic TBF in patients with alcoholic cirrhosis, NASH cirrhosis, and cirrhosis 

due to HCV. Although patients with early cirrhosis were examined, the hepatic TBF was lower in 

patients with alcoholic cirrhosis and NASH cirrhosis when compared with that in patients with cirrhosis 

due to HCV [17,18]. This result reflects the finding that, in addition to fibrotic change, fatty change and 

hepatocyte ballooning physically compress the sinusoids and impair the parenchymal microcirculation; 

as a result, hepatic blood flow is further decreased. 

The diffusion to the organization of the Xe gas does not have a difference. We describe the 

influence of Xe diffusion and hepatic TBF in the liver in the case of severe liver steatosis. The λ value 

is expressed by the following equation: k = Ch/Cv, where Ch is the Xe solubility coefficient in liver 

and Cv is the Xe solubility coefficient in blood. Normal values are Ch = 0.1 and Cv = 0.14; thus, the 

theoretical LV for normal liver is 0.1/0.14 = 0.714. The Xe solubility coefficient of water is 0.59, and 

the Xe solubility coefficient of adipose tissue is 9.3 [27,28]. Thus, the λ value increases with increased 

fat deposition in liver tissue. The λ value is an independent coefficient of blood flow and is higher in 

tissues with greater Xe solubility. Therefore liver steatosis couldn’t influence Xe diffusion in the liver 

thereby affecting the calculated indices of hepatic TBF based on Fick’s principle. 

Fat content decreases with fibrosis stage progression in NASH (i.e., “burned-out NASH”). Our result 

showed that PVTBF in NASH was significantly lower than that in CH-C in group 1. However, PVTBF 

in NASH was not significantly different from that in CH-C in group 3. This phenomenon suggests  

that the influence of steatosis leading to a decrease is PVTBF was weaker in group 3 than that in the  

other groups. 

PVTBF decreases as result of steatosis and fibrosis. On the other hand, HATBF is relatively 

maintained despite steatosis and fibrosis. There compensatory mechanism called the “hepatic arterial 

buffer response” maintains THTBF by increasing HATBF in response to decreasing PVTBF [29,30].  

In the present study, the hepatic arterial buffer response (HABR) appeared in CH-C in stage 4B  

and appeared in NASH in stage 3. In fact, HABR appeared at an earlier fibrosis stage in NASH than  
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in CH-C. This phenomenon suggests that PVTBF was lower in NASH than in CH-C at an earlier  

fibrosis stage. 

Hepatic TBF in SS was lower than that in initial CH-C patients. This suggests that SS can result from 

microcirculatory dysfunction [31] due to steatosis, dysfunction of the microvessels, and the effects of 

vasoactivators (e.g., angiotensin and inducible NO synthase (iNOS)), hormones (e.g., endothelin), and 

cytokines (e.g., tumor necrosis factor-α) [32–34]. Thus, in addition histopathological findings, such as 

fibrosis and steatosis, cytokines and metabolic factors, such as insulin resistance, are involved in 

decreased hepatic TBF in NASH. 

There are some demerits of Xe-CT. We can’t obtain the exact result in the patients with severe lung 

disease because Xe gas is taken up by lung via respiratory tract. In addition, Xe-CT has the problem of 

X-ray exposure. On the other hand there are also many merits of Xe-CT. We can objectively and 

repeatedly measure hepatic TBF with reproducibility using Xe-CT. We safely performed a Xe-CT for 

patients with chronic kidney disease because there are no complications associated with contrast agent, 

such as allergic reactions and radiocontrast-induced renal failure. Eventually, in the present study all 

patients had no adverse effect except for slight drowsiness. The safety of Xe-CT was reconfirmed. 

Portal hypertensive symptoms in NASH, such as splenomegaly, hepatic coma, ascites, gastroesophageal 

varices and other collateral vessels, appear at relatively early stages, and are related to prognosis. We 

will attempt to predict appearance of portal hypertensive symptoms in NASH and CH-C by hepatic TBF 

using Xe-CT. Evaluating hepatic TBF of the entire liver is, thus, important. Xe-CT allows repeated 

noninvasive measurement of hepatic TBF and is useful to elucidate the state of chronic liver disease. In 

the future, we will attempt to evaluate the difference of local hepatic tissue blood flow such as segments 

or lobes, so that we hope we will apply the evaluation of before and after treatment such as sclerotherapy 

(e.g., endoscopic injection sclerotherapy; EIS and balloon-occluded retrograde transvenous obliteration; 

B-RTO) to varices, antiviral therapy to CH-C, and diet therapy in chronic liver disease. We will attempt 

to assess correlation between liver function and hepatic TBF in chronic liver disease. Furthermore, the 

evaluation of hepatic TBF using Xe-CT provides very important information of, not only hepatectomy, 

but also liver transplantation. Xe-CT can assess, noninvasively and accurately, hepatic TBF and 

steatosis in the whole liver. We are quite sure that Xe-CT is useful not only in the field of internal 

medicine but also in that of surgery. 

4. Material and Methods 

4.1. Patients 

This study included a total of 202 patients with NAFLD and CH-C, who had undergone Xe-CT at the 

St. Marianna University School of Medicine Hospital (Kawasaki, Japan) between October, 2000, and 

January, 2013. Liver biopsy was performed for 84 of 93 NAFLD patients and for 90 of 109 CH-C 

patients. During a 3-day hospitalization examination, we performed Xe-CT before or after each liver 

biopsy. The NAFLD patients consisted of 58 men and 35 women with a mean age of 52.3 ± 16.0 years 

and a mean body mass index (BMI) of 28.7 ± 4.5 kg/m2. The CH-C patients consisted of 55 men and  

54 women, with a mean age of 58.9 ± 10.9 years and a mean BMI of 23.7 ± 3.6 kg/m2 (Table 4). 
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Table 4. Patient characteristics. 

NAFLD CH-C 

Number of cases 93 109 
Gender (Male/Female) 58/35 55/54 

Age (years) 52.3 ± 16.0 58.9 ± 10.9 
BMI (kg/m2) 28.7 ± 4.5 ※ 23.7 ± 3.6 

Staging for fibrosis 12/27/24/14/11/5 34/29/21/14/11 

 

SS/Stage 1/2/3/4A/4B Stage 1/2/3/4A/4B 

(Brunt’s classification ) (Desmet’s classification ) 

SS, Simple Steatosis; BMI, Body Mass Index; ※ p < 0.001 (unpaired t-test).  

The diagnosis of NAFLD was based on: (1) ethanol intake of <20 g/day; (2) liver biopsy findings 

showing NAFLD characteristics (e.g., large-droplet fat deposits, hepatocyte ballooning, inflammatory 

cell infiltration, and fibrosis around the central vein); and (3) the exclusion of other liver diseases, such 

as viral hepatitis, autoimmune liver disease, and drug-induced liver injury. Diagnosis of CH-C was made 

by positive anti-HCV antibody and HCV-RNA testing. 

Liver biopsy was performed through the right intercostal space under ultrasonographic guidance, 

using a 16-gauge needle biopsy kit (Quick-Core® biopsy needle set; Cook Medical, Bloomington, IN, 

USA). Histological diagnosis was confirmed by two experienced pathologists who were blinded to the 

clinical data. There were 12 patients with Simple Steatosis (SS), who had no fibrosis and inflammatory 

cell infiltration. The NASH patients were evaluated on the basis of Brunt’s classification [35], and the 

HCV patients were evaluated on the basis of Desmet’s classification [36]. 

Subjects were classified into one of three groups, based on fibrosis stage: group 1, no bridging 

fibrosis; group 2, bridging fibrosis; and group 3, liver cirrhosis. Group 1 included Brunt’s classification 

stage 1 and 2 and Desmet’s classification stage 1. Group 2 included Brunt’s classification stage 3 and 

Desmet’s classification stage 2 and 3. Group 3 included Brunt’s classification stage 4 and Desmet’s 

classification stage 4 (Figure 3). 

Figure 3. Matching fibrosis stage. 
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4.2. Imaging 

As described in previous publications, we used 25% stable Xe gas in conjunction with an AZ-726  

Xe gas inhalation system (Anzai Medical, Tokyo, Japan) [37,38]. The wash-in and wash-out periods 

were both 4 min (Figure 4). The entire liver was CT-scanned at 1-min intervals at four levels, including 

the porta hepatis (nine scans in total, including the baseline scan). Using an AZ-7000W image 

processing system (Anzai Medical, Tokyo, Japan), PVTBF and HATBF were calculated, and PVTBF 

and HATBF maps were created. THTBF was calculated as the sum of PVTBF and HATBF, and THTBF 

maps were also created. The time course change rate for the arterial Xe concentration, which was needed 

to calculate PVTBF and HATBF, was derived using the time course of the Xe concentration in spleen 

tissue. An Aquilion CT scanner (Toshiba Medical Systems, Tokyo, Japan) was used, with exposure 

factors of 120 kV, 150 mA, and 13.8 mGy. The TBF maps derived from the Xe-CT scans are shown in 

Figure 5. All examinations were performed with the patients in the fasting state. Informed consent was 

obtained from each patient. All study protocols were reviewed and approved by the ethics committee of 

St. Marianna University Hospital (approval No. 480) (Kawasaki, Japan). 

4.3. Statistical Analysis 

The blood flow in each stage was analyzed by one-way analysis of variance (Tukey’s multiple 

comparison). Correlation of TBF with progression of fibrosis was analyzed by Spearman’s rank 

correlation coefficient. 

Figure 4. Measuring methods of hepatic TBFs using Xe-CT. Xenon concentration in inhaled 

gas was 25%, and a 4-min wash-in and 4-min wash-out were used. CT at each of the four 

levels was performed eight times at 1-min intervals. Patients held their breath during each 

scan to prevent movement of the liver due to respiration. CT of the spleen was used to 

measure arterial xenon concentrations. 
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Figure 5. Measurement of hepatic tissue blood flows (TBFs) and confidence values obtained 

using xenon computed tomography (Xe-CT). Maps were created for portal venous TBF 

(PVTBF; c), hepatic arterial TBF (HATBF; d), the Xe solubility coefficient, and confidence 

values for each pixel in the liver, on the basis of changes over time in the Xe-CT numbers in 

hepatic tissue and spleen. (a) Baseline CT; (b) Confidence map. The original blood flow 

maps were modified by automatically excluding any pixels with confidence values 

exceeding the threshold in the confidence map. The white areas on the confidence map 

indicate regions of low reliability and were automatically excluded. Confidence values 

indicate the difference between theoretical and actual changes over time on Xe-CT;  

(c) Portal tissue blood flow (PVTBF) map; (d) Hepatic arterial tissue blood flow (HATBF) 

map; (e) Total hepatic tissue blood flow (THTBF) map. 

 

5. Conclusions 

PVTBF and THTBF decreased due to fat infiltration. Therefore, the hemodynamic changes in 

NAFLD occur at a relatively earlier stage than that in CH-C. Patients with NASH should be monitored 

carefully for portal hypertensive complications in the early fibrosis stage. 
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