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Abstract

:

Acute cellular rejection (ACR) is a significant immune issue among recipients following liver transplantation. Although diffusion-weighted magnetic resonance imaging (DWI) is widely used for diagnosing liver disease, it has not yet been utilized for monitoring ACR in patients after liver transplantation. Therefore, the aim of this study was to evaluate the efficacy of DWI in monitoring treatment response among recipients with ACR. This study enrolled 25 recipients with highly suspected ACR rejection, and all subjects underwent both biochemistry and DWI scans before and after treatment. A pathological biopsy was performed 4 to 24 h after the first MRI examination to confirm ACR and degree of rejection. All patients were followed up and underwent a repeated MRI scan when their liver function returned to the normal range. After data acquisition, the DWI data were post-processed to obtain the apparent diffusion coefficient (ADC) map on a voxel-by-voxel basis. Five regions of interest were identified on the liver parenchyma to measure the mean ADC values from each patient. Finally, the mean ADC values and biochemical markers were statistically compared between ACR and non-ACR groups. A receiver operating characteristic (ROC) curve was constructed to evaluate the performance of the ADC and biochemical data in detecting ACR, and correlation analysis was used to understand the relationship between the ADC values, biochemical markers, and the degree of rejection. The histopathologic results revealed that 20 recipients had ACR, including 10 mild, 9 moderate, and 1 severe rejection. The results demonstrated that the ACR patients had significantly lower hepatic ADC values than those in patients without ACR. After treatment, the hepatic ADC values in ACR patients significantly increased to levels similar to those in non-ACR patients with treatment. The ROC analysis showed that the sensitivity and specificity for detecting ACR were 80% and 95%, respectively. Furthermore, the correlation analysis revealed that the mean ADC value and alanine aminotransferase level had strong and moderate negative correlation with the degree of rejection, respectively (r = −0.72 and −0.47). The ADC values were useful for detecting hepatic ACR and monitoring treatment response after immunosuppressive therapy.
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1. Introduction


Liver transplantation is a well-established treatment and has become the standard of care for patients with end-stage liver disease [1,2,3,4,5], including living donor liver transplantation (LDLT) and deceased donor liver transplantation (DDLT). In Asia, LDLT is mainly used because this procedure is more acceptable and accounts for 90% of liver transplants; however, in the West, DDLT is the mainstream and accounts for 95% of all liver transplants in the United States [1,2,3]. The one-year patient survival rates for adults and children after primary liver transplantation were 94% and 94.4%, respectively [6], and the short-term patient survival rates were not significantly different between patients treated with LDLT and DDLT [7]. The survival rate following transplantation has significantly improved due to advancements in surgery and the development of immunosuppressive agents [8,9,10]. Acute cellular rejection (ACR) manifests as the sudden decrease of allograft function and inflammation in portal, bile duct, and portal veins, and generally occurs from 5 to 30 days after liver transplantation [11,12,13,14]. ACR is a significant factor that affects the function and survival rate of approximately 15–40% of liver transplantation recipients [15,16]. In clinical, ACR is suspected in patients with liver transplantation when their hepatic enzymes and/or bilirubin levels increase abnormally; however, these biochemical markers are not accurate enough to detect ACR [17]. Liver biopsy is currently the gold standard for diagnosing ACR [18], and the severity of ACR is classified according to the Banff consensus criteria [13]. When patients were diagnosed with ACR, escalation of immunosuppressant dosage or use of steroid bolus was helpful to improve their liver functions without adverse effect on allograft survival rate [19]. However, the invasive biopsy procedure carries risks such as bleeding or infection, so it is not suitable for monitoring treatment response in patients with ACR. Therefore, the development of a non-invasive method for quantifying liver rejection and monitoring treatment response would be highly valuable.



Previous studies have performed non-invasive Doppler ultrasound technique to assess the hemodynamics of allograft for detection of ACR in patients with liver transplantation [20,21,22,23,24,25]. Via Doppler ultrasound, some studies demonstrated that the hemodynamic changes of hepatic artery, portal vein, and splenic artery were helpful for diagnosis of ACR [20,21,22], but others did not find Doppler ultrasound useful for ACR detection [23,24]. The inconsistent results are probably attributable to the fact that Doppler ultrasound assessment is operator-dependent and mainly focused on the hemodynamic changes of liver allograft. In contrast, a previous study further utilized ultrasound transient elastography to assess tissue stiffness in patients with liver transplantation and found that liver stiffness was accurate for diagnosis of ACR when compared with that of healthy subjects [26]. However, the transient elastography was unable to differentiate ACR from hepatitis C, suggesting that transient elastography is not disease-specific and only reflects the stiffness property of tissues.



Contrast-enhanced computed tomography (CT) can provide high-resolution three-dimensional images suitable for morphological assessment in patients with ACR after liver transplantation. One previous study revealed that contrast-enhanced CT was helpful to detect globular swelling, narrowing of hepatic veins, and heterogeneous enhancement of liver parenchyma in ACR patients [27]. However, the results demonstrated that contrast-enhanced CT images were not sensitive to hepatic ACR, probably due to the fact that the CT images provided mainly anatomic information with low soft-tissue contrast. In contrast, nuclear medicine imaging is a functional modality and has previously been performed to assess the graft function and ACR after liver transplantation. One previous study performed 99mTc-labeled diethylenetriaminepentaacetic acid galactosyl human serum albumin (GSA) scintigraphy in patients with liver transplantation, and showed that GSA had the potential for assessing the allograft function non-invasively [28]. In addition, 99mTc hepatobiliary scintigraphy (HBS) can reflect liver uptake and excretion functions and may be useful for diagnosis of ACR after liver transplantation. Because hepatic ACR causes biliary complications along with liver dysfunction, some previous studies performed HBS to assess liver uptake function in patients following liver transplantation. The results demonstrated that the liver uptake function was closely related with histologic findings [29], and that HBS was helpful to distinguish ACR from normal allografts [30,31].



Moreover, magnetic resonance imaging (MRI) is a non-invasive and non-ionizing radiation modality widely used for diagnosis of liver diseases using different pulse sequences [32,33,34,35,36]. Among MRI techniques, diffusion-weighted imaging (DWI) can measure molecular diffusion using apparent diffusion coefficient (ADC) values, whereas a blood oxygenation level-dependent (BOLD) technique can quantify the oxygenation levels using susceptibility-induced relaxation rate (R2*) values. Previous studies have employed DWI and BOLD MRI techniques to detect ACR in liver transplantation patients, and found that the ADC and R2* values were significantly different between patients with ACR and without ACR [37,38,39]. Their findings indicate that ACR patients exhibited hepatic tissue inflammation that caused restriction of diffusion and abnormal increase in hepatic arterial flow due to the increased portal pressure. Thus, both ADC and R2* values serve as reliable biomarkers for ACR detection. In assessment of treatment response, a previous study further demonstrated significantly increased R2* values in ACR patients after immunosuppressant treatment. The results suggested that the portal pressure and hepatic arterial flow were decreased because tissue inflammation was mitigated after the treatment [38].



Although ADC values have been demonstrated useful for detecting ACR, it remains unknown whether ADC values are helpful to monitor treatment response in ACR patients after immunosuppressant treatment. Therefore, we hypothesized that immunosuppressant treatment helps reduce inflammation and increase diffusivity of allograft tissues in ACR patients. The objective of this study was to utilize DWI, biochemistry, and histopathological analysis to evaluate the usefulness of ADC values in monitoring the microstructural alterations in liver tissue of ACR patients after immunosuppressant treatment.




2. Materials and Methods


2.1. Patients


This prospective study protocol was approved by the Institutional Review Board of Chang Gung Medical Foundation. All participants signed a consent form indicating their agreement to participate in the study, and informed consent was obtained. A total of 25 recipients (22 males and 3 females) with a mean age of 53.6 years and laboratory abnormalities highly suspicious for ACR were enrolled in this study. A pathological biopsy was performed 4 to 24 h after the MRI examination. After confirming the pathology results, ACR patients (N = 20) were treated with immunosuppressants, while non-ACR patients (N = 5) were treated with routine medication for cholangitis and fatty changes. All patients were followed up regularly with a blood test and Doppler ultrasound examination. The blood test was performed to monitor liver functions, whereas Doppler ultrasound was used to assess the portal and hepatic veins, hepatic arterial flow, and biliary tree. All patients underwent a repeated DWI scan when their liver function returned to the normal range. The mean interval between the two MRI scans was 272.1 days (range: 34–594).




2.2. Routine Biomarkers


On the same day before the MRI scans, a 20 mL blood sample was obtained from a peripheral vein to determine liver biochemistry, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (T-bil), and platelet count (PLT). The blood test was repeated based on clinical status, with intervals adjusted according to clinical treatment needs. In this study, these biomarkers were measured from ACR and non-ACR patients before and after treatment and were used to evaluate their liver functions.




2.3. Imaging Data Acquisition


MRI scanning was performed using a 3.0 T MR system (MAGNETOM Skyra, Siemens Medical Systems, Erlangen, Germany) with an 18-channel body matrix coil combined with a spine coil. All patients were required to fast for 4 h before the MR examination. After patients were immobilized in a supine position, they were asked to raise their arms and breathe slowly and smoothly to reduce artifacts during the MRI scans. The liver MRI protocols included tri-planar scans for localization, and axial T1-weighted (in/out phase), T2-weighted (with and without fat saturation), high-resolution three-dimensional T1-weighted images, MR angiography, and cholangiopancreatography scans for diagnosis of tumor recurrence, biliary obstruction, and liver abnormalities. In addition, the DWI pulse sequence was performed with the following imaging parameters: thickness/gap = 5 mm/0 mm; repetition time = 500 ms; echo time = 200 ms; anterior-to-posterior phase encoding direction; acceleration factor = 2; field of view = 500 × 500 mm2; number of diffusion direction = 3; number of slices = 32–36; b values = 0 and 800 mm/s2; and scan time = 4 min.




2.4. Imaging Analysis


All DWI data were transferred and post-processed on a dedicated workstation, and ADC maps were calculated based on a mono-exponential model using commercial software (Siemens; Wp workstation package VE11A). Specifically, the ADC value, which reflects motion of water molecules, was derived from the equation   A D C =   ln  ⁡      S     S   0         / − b  , where S and S0 are the signal intensity of DWI and b0 images, respectively, and b is 800 mm/s2 in this study. Five regions of interest (ROIs) with an area of 1.5–2 cm2 inside the liver graft were placed on ADC maps, focusing on low-signal parenchyma and excluding the uppermost and lowermost parts of the liver, major blood vessels, the hilar area, and the margins of the liver, as shown in Figure 1. Finally, the ADC values of the five ROIs were averaged for statistical analysis. The hepatic ADC values were independently measured by two radiologic technicians (H.J.C. and C.C.L., with 10 and 8 years of experience in MRI examination, respectively) who were blinded to patients’ clinical data.




2.5. Histological Diagnosis


After the first MRI examination, all patients underwent core needle biopsy, and the sampling location was determined based on the donated graft. Histological analysis of the specimens was performed by two independent pathologists who evaluated the pathological changes using the Banff criteria rejection activity index (RAI) and diagnosed the severity of acute rejection as mild (3–4), moderate (5–6), or severe (>6). The pathological results were used as a standard to evaluate the performance of ADC values in diagnosing liver ACR and monitoring treatment response.




2.6. Statistical Analysis


To assess the inter-observer agreement between two operators and the relationship between liver ADC, biochemistry, and degree of rejection, Pearson’s correlation analysis was performed to calculate correlation coefficients. The correlations were considered weak, moderate, strong, or excellent if the correlation coefficients were 0.3–0.49, 0.5–0.69, 0.7–0.89, or 0.90–1.0, respectively. The Mann Whitney U test was performed to compare ADC values and biochemistry data between ACR and non-ACR patients. Analysis of variance (ANOVA) was used to determine whether hepatic ADC values significantly differed among patients with different pathological grading. Receiver operating characteristic (ROC) curve analysis was performed, and the area under the curve (AUC) was used to evaluate the performance of ADC values in detecting ACR. To understand the treatment response, a Wilcoxon signed-rank test was used to compare the ADC values in ACR and non-ACR patients before and after treatment. All statistical analyses were conducted using IBM SPSS Statistics for Windows (Version 20.0, IBM Corporation, Armonk, NY, USA), and statistical significance was considered if p < 0.05.





3. Results


Of the 25 patients enrolled, 18 (72%) received LDLT while 7 (28%) received DDLT. Of 18 patients with LDLT, 15 had an allograft of the right lobe while 3 had an allograft of the left lobe. Of 7 patients with DDLT, 6 had an allograft of the whole liver while 1 had an allograft of the right lobe. Based on histopathological results, 20 (80%) recipients had ACR, and 5 (20%) recipients exhibited abnormal liver function due to other liver diseases, such as cholangitis and fatty changes. Among the 20 ACR patients, biopsy results indicated that 10 had mild rejection, 9 had moderate rejection, and 1 had severe rejection according to the Banff rejection index. Table 1 provides the demographic characteristics and histopathological results of the enrolled patients.



In the biochemistry study, there were no significant differences in AST, ALT, T-bil, and PLT levels between the ACR and non-ACR groups before and after treatment. Furthermore, no significant difference was noted between the patients with mild (N = 10) and moderate-to-severe (N = 10) rejection. In the longitudinal analysis, the Wilcoxon signed rank test showed that immunosuppressive treatment significantly reduced the AST, ALT, and T-bil levels in ACR patients, while the ALT and T-bil levels were significantly decreased in non-ACR patients after treatment, as shown in Table 2. Moreover, the correlation analysis revealed a moderate correlation between ALT levels and degree of rejection (r = −0.47 and p = 0.017) in all patients; however, no significant correlation was noted between AST, T-bil, PLT, and degree of rejection.



Regarding the ADC analysis, Pearson’s correlational analysis demonstrated good agreement in ADC measurements between the two operators (r = 0.714). The Mann Whitney U test revealed significantly lower ADC values in ACR patients compared with the non-ACR groups before treatment, as shown in Table 2. The ROC analysis indicated that ADC values had good performance in differentiating between ACR and non-ACR patients (AUC = 0.92 and p < 0.002), with a sensitivity of 80% and specificity of 95% (cutoff = 1.133 × 10−3 mm2/s), as depicted in Figure 2. Moreover, the comparisons further revealed that the ADC values were significantly different between patients with mild (N = 10) and moderate-to-severe (N = 10) rejection (1.03 ± 0.07 × 10−3 mm2/s vs. 0.92 ± 0.11 × 10−3 mm2/s, p < 0.05).



In the longitudinal analysis, the Wilcoxon signed-rank test revealed a significant increase in ADC values in the two groups after treatment; however, no significant difference in ADC values was observed between the two groups after treatment. Furthermore, ANOVA indicated a significant change in ADC values with different degrees of rejection (p < 0.05), and correlation analysis demonstrated a significantly negative strong correlation between mean ADC value and degree of rejection (r = −0.72 and p = 0.000), as shown in Figure 3. In biochemistry, there was a significantly negative moderate correlation between ALT and degree of rejection (r = −0.47 and p = 0.017). However, no significant correlation was noted between ADC values and liver function (i.e., ALT, AST, T-bil, and PLT).




4. Discussion


Liver transplantation is an effective way to prolong the life of patients with end-stage liver disease, with 5-year survival for over 70% of recipients [40,41,42]. While appropriate immunosuppression has reduced the risk of ACR, it remains the leading cause of graft dysfunction, occurring in about 20–70% of all transplant patients [43,44,45,46,47]. Therefore, monitoring the treatment response is crucial in managing ACR patients to reduce their morbidity and mortality. One previous study performed BOLD MRI to monitor treatment response in patients with ACR, and demonstrated that the hepatic R2* values were significantly increased after immunosuppressant treatment. The findings indicated that the treatment reduced the inflammation and decreased the portal pressure, decreasing the hepatic arterial flow into the liver [38]. However, no previous study has performed DWI to directly measure the microstructural diffusion and monitor the treatment response in patients with ACR.



The present study performed repeated DWI scans to evaluate the microstructural alterations of liver tissue in ACR and non-ACR patients before and after immunosuppressant treatment. Our results demonstrated that the ADC values and liver function were significantly lower in ACR patients than those of non-ACR patients and that the ADC values had high performance in the detection of ACR with AUC = 0.92. After treatment, the ADC values and liver function significantly increased in the ACR patients to values close to those of non-ACR patients with treatment. These findings suggest that DWI is an accurate technique for detecting ACR and suitable for monitoring the treatment response in patients with ACR.



Histopathological evaluation of liver biopsies is currently considered the “gold standard” for diagnosing graft dysfunction following liver transplantation [11,12,48]. Hepatic ACR occurs when recipient T cells recognize the donor allograft antigen, leading to a cytopathic immune response against the donor tissues [16,49]. The severity of rejection is classified according to the Banff consensus criteria [13], and the RAI is based on scoring features in three categories: portal inflammation, bile duct inflammation damage, and venous endothelial inflammation. These features include lymphocyte infiltration, fibrous proliferation, bile duct hyperplasia, or tissue edema [13,48,50]. These pathological changes are closely associated with tissue inflammation, leading to a decrease in water molecule diffusion within the allograft tissues due to reduced extracellular space. Over time, this process may eventually contribute to the development of liver cirrhosis [51,52,53].



DWI is a suitable method for quantitatively measuring molecular diffusion and has been widely used to investigate micro-architectural changes in biological tissues. In line with a previous study [37], our present study demonstrated that the ADC values in the ACR group were significantly lower compared with the non-ACR group. These findings indicate that ACR leads to portal inflammation with increased infiltration of lymphocytes, eosinophils, neutrophils, and macrophages, directly impeding the mobility of water molecules. However, no significant difference was noted in liver functions between the two groups before and after treatment, suggesting that the conventional biochemistry was not sensitive enough to detect hepatic ACR. Furthermore, we found a negative moderate correlation between the ALT and the degree of rejection (r = −0.47), and a negative strong correlation between the ADC and the degree of rejection (r = −0.72). The results indicate that the ADC value is a more suitable biomarker than biochemistry for reflecting the severity of rejection in ACR patients.



Following immunosuppressant treatment, one previous study using BOLD MRI revealed a significant increase in R2* values in ACR patients, indicating a reduction in portal pressure and an increase in hepatic arterial flow to the liver [38]. Additionally, our present study demonstrated a significant elevation in ADC values in the allograft tissues of ACR patients after treatment. Collectively, these findings suggest that increased ADC values are likely to be attributable to reduced lymphocyte infiltration, fibrous proliferation, bile duct hyperplasia, and tissue edema, as well as increased perfusion from the hepatic artery following immunosuppressant therapy. However, further investigation will be needed to demonstrate the histopathological changes in ACR patients before and after immunosuppressant treatment.



Many studies have shown that ADC values were decreased in liver parenchyma of patients with non-alcoholic fatty liver disease, steatosis, and liver cirrhosis [54,55,56]. Regarding liver transplantation, Sandrasegaran et al. performed DWI to evaluate parenchymal disorders in patients after orthotopic liver transplantation (OLT) and found that differences in ADC values were associated with a histological abnormality [39]. In addition, they suggested that an ADC value of <0.99 × 10−3 mm2/s was suitable for predicting a parenchymal histological abnormality in patients after OLT (AUC = 0.84, sensitivity = 0.85, and specificity = 0.72). Lin et al. performed DWI with multiple b-value acquisition to assess graft rejection in patients with liver transplantation, and found that DWI with a high b-value of 600 or 800 s/mm2 was suitable for diagnosis of ACR in patients after liver transplantation (AUC = 0.784 and 0.861, respectively) [37]. The present study performed DWI with a high b-value of 800 s/mm2 for detecting ACR and further monitoring treatment response in patients with and without ACR. Our results demonstrated that the ADC values were accurate in detection of ACR in recipients, and an ADC value of <1.133 × 10−3 mm2/s was suitable for detecting ACR (AUC = 0.92, sensitivity = 80%, and specificity = 95%). However, the discrepancies in the cutoff ADC values between previous studies and ours might be attributable to graft type, whole liver, and partial lobe liver transplantation.



There are several limitations of this study that warrant discussion. First, the sample size was small because the patients needed to undergo repeated MRI scans and biochemistry studies before and after immunosuppressant treatment. Second, this study did not include a repeated biopsy for the patients after the treatment because the biopsy is an invasive procedure with risk of bleeding and infection. Third, this study enrolled only one patient with severe ACR. A study with more patients with severe ACR will be needed to further understand the relationship between rejection severity and ADC values. Finally, the cutoff ADC value determined in the present study was based on patients with highly suspected ACR, so it may not be sensitive for detecting subtle ACR in patients with liver transplantation.




5. Conclusions


In conclusion, our study utilized liver DWI, biochemistry, and histological analysis to investigate the differences in ADC values and biochemical data between ACR and non-ACR groups before and after treatment. The findings revealed that the ADC value served as a reliable imaging biomarker for distinguishing between ACR and non-ACR patients prior to treatment. Furthermore, the immunosuppressive treatment significantly elevated the ADC values and improved liver functions in ACR patients, bringing them to levels comparable to those of non-ACR patients. Based on these results, we conclude that DWI-derived ADC values hold promise for assessing hepatic ACR and monitoring treatment response following immunosuppressive therapy.







Author Contributions


Conceptualization, H.-J.C., Y.-H.C., C.-W.L., C.-C.L., H.-L.E., C.-L.C., Y.-F.C. and M.-C.C.; methodology, H.-J.C. and Y.-H.C.; software, H.-J.C. and C.-C.L.; validation, H.-L.E., C.-L.C. and Y.-F.C.; formal analysis, H.-J.C. and C.-C.L.; investigation, H.-J.C., Y.-H.C., C.-W.L. and C.-C.L.; resources, Y.-F.C. and M.-C.C.; data curation, H.-J.C. and C.-C.L.; writing—original draft preparation, H.-J.C.; writing—review and editing, M.-C.C.; visualization, H.-J.C.; supervision, Y.-F.C. and M.-C.C.; project administration, Y.-F.C. and M.-C.C.; funding acquisition, H.-J.C. and Y.-F.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported in part by Ministry of Science and Technology of Taiwan, grant number MOST110-2314-B-037-077-MY3.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board of Chang Gung Medical Foundation (protocol code 201700785B0 approved on 30 June 2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data available on request due to ethical and privacy issues.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chen, C.L.; Kabiling, C.S.; Concejero, A.M. Why does living donor liver transplantation flourish in Asia? Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 746–751. [Google Scholar] [CrossRef] [PubMed]

	



Lucey, M.R.; Furuya, K.N.; Foley, D.P. Liver Transplantation. N. Engl. J. Med. 2023, 389, 1888–1900. [Google Scholar] [CrossRef] [PubMed]

	



Lentine, K.L.; Tanaka, T.; Xiao, H.L.; Bittermann, T.; Dew, M.A.; Schnitzler, M.A.; Olthoff, K.M.; Locke, J.E.; Emre, S.; Hunt, H.F.; et al. Variation in adult living donor liver transplantation in the United States: Identifying opportunities for increased utilization. Clin. Transplant. 2023, 37, e14924. [Google Scholar] [CrossRef] [PubMed]

	



Humar, A.; Ganesh, S.; Jorgensen, D.; Tevar, A.; Ganoza, A.; Molinari, M.; Hughes, C. Adult Living Donor Versus Deceased Donor Liver Transplant (LDLT Versus DDLT) at a Single Center Time to Change Our Paradigm for Liver Transplant. Ann. Surg. 2019, 270, 444–451. [Google Scholar] [CrossRef] [PubMed]

	



Pillai, V.G.; Chen, C.L. Living donor liver transplantation in Taiwan-challenges beyond surgery. Hepatobiliary Surg. Nutr. 2016, 5, 145–150. [Google Scholar] [PubMed]

	



Kwong, A.J.; Ebel, N.H.; Kim, W.R.; Lake, J.R.; Smith, J.M.; Schladt, D.P.; Skeans, M.A.; Foutz, J.; Gauntt, K.; Cafarella, M.; et al. OPTN/SRTR 2020 Annual Data Report: Liver. Am. J. Transplant. 2022, 22, 204–309. [Google Scholar] [CrossRef] [PubMed]

	



Thuluvath, P.J.; Yoo, H.Y. Graft and patient survival after adult live donor liver transplantation compared to a matched cohort who received a deceased donor transplantation. Liver Transplant. 2004, 10, 1263–1268. [Google Scholar] [CrossRef] [PubMed]

	



Terrault, N.A.; Francoz, C.; Berenguer, M.; Charlton, M.; Heimbach, J. Liver Transplantation 2023: Status Report, Current and Future Challenges. Clin. Gastroenterol. Hepatol. 2023, 21, 2150–2166. [Google Scholar] [CrossRef] [PubMed]

	



Keeffe, E.B. Liver transplantation: Current status and novel approaches to liver replacement. Gastroenterology 2001, 120, 749–762. [Google Scholar] [CrossRef]

	



Montano-Loza, A.J.; Rodríguez-Perálvarez, M.L.; Pageaux, G.P.; Sanchez-Fueyo, A.; Feng, S. Liver transplantation immunology: Immunosuppression, rejection, and immunomodulation. J. Hepatol. 2023, 78, 1199–1215. [Google Scholar] [CrossRef]

	



Hubscher, S.G. Transplantation pathology. Semin. Diagn. Pathol. 2006, 23, 170–181. [Google Scholar] [CrossRef] [PubMed]

	



Neil, D.A.; Hubscher, S.G. Current views on rejection pathology in liver transplantation. Transpl. Int. 2010, 23, 971–983. [Google Scholar] [CrossRef] [PubMed]

	



Ormonde, D.G.; de Boer, W.B.; Kierath, A.; Bell, R.; Shilkin, K.B.; House, A.K.; Jeffrey, G.P.; Reed, W.D. Banff schema for grading liver allograft rejection: Utility in clinical practice. Liver Transpl. Surg. 1999, 5, 261–268. [Google Scholar] [CrossRef] [PubMed]

	



Demetris, A.J.; Batts, K.P.; Dhillon, A.P.; Ferrell, L.; Fung, J.; Geller, S.A.; Hart, J.; Hayry, P.; Hofmann, W.J.; Hubscher, S.; et al. Banff schema for grading liver allograft rejection: An international consensus document. Hepatology 1997, 25, 658–663. [Google Scholar]

	



Rastogi, A.; Nigam, N.; Gayatri, R.; Bihari, C.; Pamecha, V. Biliary Epithelial Senescence in Cellular Rejection Following Live Donor Liver Transplantation. J. Clin. Exp. Hepatol. 2022, 12, 1420–1427. [Google Scholar] [CrossRef] [PubMed]

	



Choudhary, N.S.; Saigal, S.; Bansal, R.K.; Saraf, N.; Gautam, D.; Soin, A.S. Acute and Chronic Rejection after Liver Transplantation: What A Clinician Needs to Know. J. Clin. Exp. Hepatol. 2017, 7, 358–366. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, S.C.; Furth, E.E. Receiver Operating Characteristic Analysis of Serum Chemical-Parameters as Tests of Liver-Transplant Rejection and Correlation with Histology. Transplantation 1995, 59, 740–746. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, A.N.; Nania, J.; Qiu, L.; Lewis, B.; Mais, D.D. Impact of Liver Biopsy Size on Histopathologic Evaluation of Liver Allograft Rejection. Arch. Pathol. Lab. Med. 2022, 146, 1530–1534. [Google Scholar] [CrossRef]

	



Seiler, C.A.; Renner, E.L.; Czerniak, A.; Didonna, D.; Büchler, M.W.; Reichen, J. Early acute cellular rejection: No effect on late hepatic allograft function in man. Transpl. Int. 1999, 12, 195–201. [Google Scholar] [CrossRef]

	



Perrakis, A.; Förtsch, T.; Niebling, N.; Croner, R.S.; Nissler, V.; Yedibela, S.; Lohmüller, C.; Zopf, S.; Kammerer, F.; Hohenberger, W.; et al. The Diagnostic Value of Systolic Acceleration Time and Resistive Index as Noninvasive Modality for Detection of Graft Rejection After Orthotopic Liver Transplantation. Clin. Gastroenterol. Hepatol. 2013, 45, 1961–1965. [Google Scholar] [CrossRef]

	



Sugimoto, H.; Kato, K.; Hirota, M.; Takeda, S.; Kamei, H.; Nakamura, T.; Kiuchi, T.; Nakao, A. Serial Measurement of Doppler Hepatic Hemodynamic Parameters for the Diagnosis of Acute Rejection after Live Donor Liver Transplantation. Liver Transplant. 2009, 15, 1119–1125. [Google Scholar] [CrossRef] [PubMed]

	



Britton, P.D.; Lomas, D.J.; Coulden, R.A.; Farman, P.; Revell, S. The role of hepatic vein Doppler in diagnosing acute rejection following paediatric liver transplantation. Clin. Radiol. 1992, 45, 228–232. [Google Scholar] [CrossRef]

	



Kok, T.; Slooff, M.J.; Peeters, P.M.; Zwaveling, J.H.; Bijleveld, C.M.; Gi-van Loon, C.E.; Klompmaker, I.J.; Haagsma, E.B. Changes in portal hemodynamics and acute rejection in the first 2 weeks after orthotopic liver transplantation. A prospective Doppler ultrasound study. Investig. Radiol. 1996, 31, 774–780. [Google Scholar] [CrossRef]

	



Zalasin, S.; Shapiro, R.S.; Glajchen, N.; Stancato-Pasik, A. Liver transplant rejection: Value of hepatic vein Doppler waveform analysis. Abdom. Imaging 1998, 23, 427–430. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Mohapatra, N.; Borle, D.P.; Choudhury, A.; Sarin, S.; Gupta, E. Non invasive diagnosis of acute cellular rejection after liver transplantation—Current opinion. Transpl. Immunol. 2018, 47, 1–9. [Google Scholar] [CrossRef]

	



Crespo, G.; Castro-Narro, G.; Garcia-Juarez, I.; Benitez, C.; Ruiz, P.; Sastre, L.; Colmenero, J.; Miquel, R.; Sanchez-Fueyo, A.; Forns, X.; et al. Usefulness of liver stiffness measurement during acute cellular rejection in liver transplantation. Liver Transpl. 2016, 22, 298–304. [Google Scholar] [CrossRef]

	



Jang, J.K.; Kim, K.W.; Choi, S.H.; Jeong, S.Y.; Kim, J.H.; Yu, E.S.; Kwon, J.H.; Song, G.W.; Lee, S.G. CT of acute rejection after liver transplantation: A matched case-control study. Eur. Radiol. 2019, 29, 3736–3745. [Google Scholar] [CrossRef] [PubMed]

	



Kita, Y.; Miki, K.; Hirao, S.; Inoue, Y.; Ohtake, T.; Matsukura, A.; Aoyanagi, N.; Saiura, A.; Harihara, Y.; Takayama, T.; et al. Liver allograft functional reserve estimated by total asialoglycoprotein receptor amount using Tc-GSA liver scintigraphy. Transplant. Proc. 1998, 30, 3277–3278. [Google Scholar] [CrossRef]

	



Brunot, B.; Petras, S.; Germain, P.; Vinee, P.; Constantinesco, A. Biopsy and Quantitative Hepatobiliary Scintigraphy in the Evaluation of Liver-Transplantation. J. Nucl. Med. 1994, 35, 1321–1327. [Google Scholar]

	



Kim, J.S.; Moon, D.H.; Lee, S.G.; Lee, Y.J.; Park, K.M.; Hwang, S.; Lee, H.K. The usefulness of hepatobiliary scintigraphy in the diagnosis of complications after adult-to-adult living donor liver transplantation. Eur. J. Nucl. Med. 2002, 29, 473–479. [Google Scholar] [CrossRef]

	



Engeler, C.M.; Kuni, C.C.; Nakhleh, R.; Engeler, C.E.; Ducret, R.P.; Boudreau, R.J. Liver-Transplant Rejection and Cholestasis—Comparison of Technetium 99m-Diisopropyl Iminodiacetic Acid Hepatobiliary Imaging with Liver-Biopsy. Eur. J. Nucl. Med. 1992, 19, 865–870. [Google Scholar] [CrossRef] [PubMed]

	



Taouli, B.; Ehman, R.L.; Reeder, S.B. Advanced MRI methods for assessment of chronic liver disease. AJR Am. J. Roentgenol. 2009, 193, 14–27. [Google Scholar] [CrossRef] [PubMed]

	



Curtis, W.A.; Fraum, T.J.; An, H.; Chen, Y.; Shetty, A.S.; Fowler, K.J. Quantitative MRI of Diffuse Liver Disease: Current Applications and Future Directions. Radiology 2019, 290, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, I.Y.; Catalano, O.A.; Caravan, P. Advances in functional and molecular MRI technologies in chronic liver diseases. J. Hepatol. 2020, 73, 1241–1254. [Google Scholar] [CrossRef] [PubMed]

	



Jang, W.; Song, J.S. Non-Invasive Imaging Methods to Evaluate Non-Alcoholic Fatty Liver Disease with Fat Quantification: A Review. Diagnostics 2023, 13, 1852. [Google Scholar] [CrossRef] [PubMed]

	



Pomohaci, M.D.; Grasu, M.C.; Dumitru, R.L.; Toma, M.; Lupescu, I.G. Liver Transplant in Patients with Hepatocarcinoma: Imaging Guidelines and Future Perspectives Using Artificial Intelligence. Diagnostics 2023, 13, 1663. [Google Scholar] [CrossRef]

	



Lin, C.C.; Ou, H.Y.; Chuang, Y.H.; Chiang, H.J.; Yu, C.C.; Lazo, M.; Tsang, L.L.; Huang, T.L.; Lin, C.C.; Chen, C.L.; et al. Diffusion-Weighted Magnetic Resonance Imaging in Liver Graft Rejection. Transplant. Proc. 2018, 50, 2675–2678. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, H.J.; Chou, M.C.; Chuang, Y.H.; Li, C.W.; Lin, C.C.; Eng, H.L.; Chen, C.L.; Cheng, Y.F. Use of blood oxygen level-dependent magnetic resonance imaging to detect acute cellular rejection post-liver transplantation. Eur. Radiol. 2022, 32, 4547–4554. [Google Scholar] [CrossRef] [PubMed]

	



Sandrasegaran, K.; Ramaswamy, R.; Ghosh, S.; Tahir, B.; Akisik, F.M.; Saxena, R.; Kwo, P. Diffusion-weighted MRI of the transplanted liver. Clin. Radiol. 2011, 66, 820–825. [Google Scholar] [CrossRef]

	



Finotti, M.; Auricchio, P.; Vitale, A.; Gringeri, E.; Cillo, U. Liver transplantation for rare liver diseases and rare indications for liver transplant. Transl. Gastroenterol. Hepatol. 2021, 6, 27. [Google Scholar] [CrossRef]

	



Ghelichi-Ghojogh, M.; Rajabi, A.; Mohammadizadeh, F.; Shojaie, L.; Vali, M.; Afrashteh, S.; Hassanipour, S.; Nikbakht, H.A.; Khezri, R.; Allah Kalteh, E.; et al. Survival Rate of Liver Transplantation in Asia: A Systematic Review and Meta-Analysis. Iran. J. Public Health 2022, 51, 2207–2220. [Google Scholar] [CrossRef] [PubMed]

	



Russo, F.P.; Ferrarese, A.; Zanetto, A. Recent advances in understanding and managing liver transplantation. F1000Research 2016, 5, 2895. [Google Scholar] [CrossRef]

	



Farges, O.; Saliba, F.; Farhamant, H.; Samuel, D.; Bismuth, A.; Reynes, M.; Bismuth, H. Incidence of rejection and infection after liver transplantation as a function of the primary disease: Possible influence of alcohol and polyclonal immunoglobulins. Hepatology 1996, 23, 240–248. [Google Scholar] [CrossRef]

	



Dogan, N.; Hüsing-Kabar, A.; Schmidt, H.H.; Cicinnati, V.R.; Beckebaum, S.; Kabar, I. Acute allograft rejection in liver transplant recipients: Incidence, risk factors, treatment success, and impact on graft failure. J. Int. Med. Res. 2018, 46, 3979–3990. [Google Scholar] [CrossRef] [PubMed]

	



Wiesner, R.H.; Demetris, A.J.; Belle, S.H.; Seaberg, E.C.; Lake, J.R.; Zetterman, R.K.; Everhart, J.; Detre, K.M. Acute hepatic allograft rejection: Incidence, risk factors, and impact on outcome. Hepatology 1998, 28, 638–645. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.U.; Bodian, C.A.; Gondolesi, G.E.; Schwartz, M.E.; Emre, S.; Roayaie, S.; Schiano, T.D. Marked differences in acute cellular rejection rates between living-donor and deceased-donor liver transplant recipients. Transplantation 2005, 80, 1072–1080. [Google Scholar] [CrossRef]

	



Shaked, A.; Ghobrial, R.M.; Merion, R.M.; Shearon, T.H.; Emond, J.C.; Fair, J.H.; Fisher, R.A.; Kulik, L.M.; Pruett, T.L.; Terrault, N.A.; et al. Incidence and Severity of Acute Cellular Rejection in Recipients Undergoing Adult Living Donor or Deceased Donor Liver Transplantation. Am. J. Transplant. 2009, 9, 301–308. [Google Scholar] [CrossRef] [PubMed]

	



Eghtedari, M.; McKenzie, C.; Tang, L.C.Y.; Majumdar, A.; Kench, J.G. Banff 2016 Global Assessment and Quantitative Scoring for T Cell-Mediated Liver Transplant Rejection are Interchangeable. J. Transplant. 2023, 2023, 3103335. [Google Scholar] [CrossRef]

	



Afzali, B.; Lechler, R.I.; Hernandez-Fuentes, M.P. Allorecognition and the alloresponse: Clinical implications. Tissue Antigens 2007, 69, 545–556. [Google Scholar] [CrossRef]

	



Demetris, A.J.; Bellamy, C.; Hubscher, S.G.; O’Leary, J.; Randhawa, P.S.; Feng, S.; Neil, D.; Colvin, R.B.; McCaughan, G.; Fung, J.J.; et al. 2016 Comprehensive Update of the Banff Working Group on Liver Allograft Pathology: Introduction of Antibody-Mediated Rejection. Am. J. Transplant. 2016, 16, 2816–2835. [Google Scholar] [CrossRef]

	



Koyama, Y.; Brenner, D.A. Liver inflammation and fibrosis. J. Clin. Investig. 2017, 127, 55–64. [Google Scholar] [CrossRef] [PubMed]

	



Ronca, V.; Wootton, G.; Milani, C.; Cain, O. The Immunological Basis of Liver Allograft Rejection. Front. Immunol. 2020, 11, 2155. [Google Scholar] [CrossRef]

	



Badwei, N. Hepatic allograft rejection after liver transplantation: Clinicopathological debates! iLiver 2023, 2, 116–121. [Google Scholar] [CrossRef]

	



Makhija, N.; Vikram, N.K.; Srivastava, D.N.; Madhusudhan, K.S. Role of Diffusion-Weighted Magnetic Resonance Imaging in the Diagnosis and Grading of Hepatic Steatosis in Patients with Non-alcoholic Fatty Liver Disease: Comparison with Ultrasonography and Magnetic Resonance Spectroscopy. J. Clin. Exp. Hepatol. 2021, 11, 654–660. [Google Scholar] [CrossRef] [PubMed]

	



Son, Y.; Park, J.; Lee, J.M.; Grimm, R.; Kim, I.Y. Comparison of the Effects of Hepatic Steatosis on Monoexponential DWI, Intravoxel Incoherent Motion Diffusion-weighted Imaging and Diffusion Kurtosis Imaging. Acad. Radiol. 2021, 28 (Suppl. 1), S203–S209. [Google Scholar] [CrossRef]

	



Sandrasegaran, K.; Akisik, F.M.; Lin, C.; Tahir, B.; Rajan, J.; Saxena, R.; Aisen, A.M. Value of diffusion-weighted MRI for assessing liver fibrosis and cirrhosis. AJR Am. J. Roentgenol. 2009, 193, 1556–1560. [Google Scholar] [CrossRef]








[image: Diagnostics 14 00807 g001] 





Figure 1. The placement of five regions of interest (yellow circles) on the ADC map for