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Abstract
The amount of the future liver remnant volume is fundamental for hepato-biliary surgery, representing an important potential risk-factor for the development of post-hepatectomy liver failure. Despite this, there is no uniform consensus about the amount of hepatic parenchyma that can be safely resected, nor about the modality that should be chosen for this evaluation. The pre-operative evaluation of hepatic volume, along with a precise identification of vascular and biliar anatomy and variants, are therefore necessary to reduce surgical complications, especially for extensive resections. Some studies have tried to validate imaging methods [ultrasound, computed tomography (CT), magnetic resonance imaging] for the assessment of liver volume, but there is no clear evidence about the most accurate method for this evaluation. Furthermore, this volumetric evaluation seems to have a certain degree of error, tending to overestimate the actual hepatic volume, therefore some conversion factors, which should give a more reliable evaluation of liver volume, have been proposed. It is widespread among non-radiologists the use of independent software for an off-site volumetric analysis, performed on digital imaging and communications in medicine images with their own personal computer, but very few studies have provided a validation of these methods. Moreover, while the pre-transplantation volumetric assessment is fundamental, it remains unclear whether it should be routinely performed in all patients undergoing liver resection. In this editorial the role of imaging in the estimation of liver volume is discussed, providing a review of the most recent literature and a brief personal series of correlations between liver volumes and resection specimens’ weight, in order to assess the precision of the volumetric CT evaluation.
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D’Onofrio M, De Robertis R, Demozzi E, Crosara S, Canestrini S, Pozzi Mucelli R. Liver volumetry: Is imaging reliable? Personal experience and review of the literature. World J Radiol 2014; 6(4): 62-71  Available from: URL: http://www.wjgnet.com/1949-8470/full/v6/i4/62.htm  DOI: http://dx.doi.org/10.4329/wjr.v6.i4.62
INTRODUCTION
The increased knowledge of anatomical structures and liver function, the development of new surgical techniques, the improvements in chemotherapy and anesthesiological management made possible during recent years has increased the successful performance of liver resections, with mortality decreased to less than 5%; even more extensive hepatic resections are nowadays routinely successfully performed[1,2]. The pre-operative hepatic volumetry has become fundamental for hepato-biliary surgery[3-5]; it is widely accepted that the future liver remnant volume (FLRV) is an important potential risk-factor for the development of post-hepatectomy liver failure (PHLF), which is associated with an increase of post-operative complications and with a longer hospitalization. PHLF is the standardized term to define the post-surgical acquired deterioration of the synthetics, excretory and detoxifying functions of the liver; this syndrome is characterized by an increase of the international normalized ratio values and of serum bilirubin levels from the fifth post-operative day[6]. This syndrome has a reported incidence of 1.2%-32%[7-9]. As mentioned above, the post-hepatectomy mortality reported in recent years varies between 0% and 5% and the onset of PHLF remains the main cause[10-12]. Factors that contribute to the onset of PHLF can be divided into three groups: patient-related factors (age, diabetes, obesity)[13,14]; parenchyma-related factors (cirrhosis, cholestasis, steatosis, chemotherapy effects)[15-17]; surgery-related factors (bleeding, ischemia-reperfusion damage, sepsis, insufficient FLRV)[18-21]. With hepatic resection an amount of liver parenchyma is lost, and in the remnant hepatocytes arise both regeneration and necrosis. The remnant liver must therefore be able to overcome the necrosis, preserving or recovering an adequate synthetic ability[22]; as a consequence, there must be an adequate and functional FLRV to avoid PHLF[23]. Despite this, there is no uniform consensus among hepatic surgeons on the amount of liver volume that can be safely resected, with a wide range of reported values[24,25]. Guglielmi et al[24] reported that in patients with “healthy” liver (absence of hepatic diffuse disease, normal functionality tests) the limit of FLRV% for a safe resection varies between 20% and 30%, while in patients with underlying hepatic disease (cirrhosis, cholestasis, steatosis) the critical FLRV% value rise up to 30%-40%.

IMAGING: WHICH MODALITY SHOULD BE CHOSEN?

Many studies have tried to validate different imaging techniques for liver volumetry, but there is no clear evidence about the most accurate method for this evaluation. Kitajima et al[26] reported the possibility of performing liver volumetry by means of conventional ultrasound, with good correlation with the volume of the actual specimen; Xu et al[27] reported the usefulness of the three-dimensional ultrasound (3DUS) volumetric evaluation: the measured volumes all significantly correlated with the true volumes, with significant intraobserver and interobserver reproducibility. Despite the relative widespread availability of 3DUS probes and a considerable refinement of this technique in recent years, ultrasound has not universally proven to be successful for 3D evaluation of the liver, because of well-known limits, both physical and related to a variable reproducibility of the exam, which mainly depends on the skill of the examiner[28-30]. The use of more objective methods as computed tomography (CT) or magnetic resonance imaging (MRI) seems therefore fundamental, especially for the planning of more extensive resections, such as liver transplants or major hepatectomies. These two imaging techniques in fact showed a very good accuracy in the estimation of the graft dimensions before transplant[31] and in providing a precise quantification of the pre-operative liver volumes[32-34]. Itoh et al[35] stated that the meticulous preoperative evaluation based on volumetric analysis of 3D CT images, together with improved surgical techniques, were fundamental to achieve “zero mortality” and minimized intraoperative blood loss in this 300 hepatic resections series. Regarding liver transplantation, Ringe et al[36] emphasized the role of CT, reporting that this method of imaging of the liver, in combination with dedicated software, plays a key role in the evaluation of candidates for liver donor transplantation: based on the results of liver CT volumetry, 31% of the candidates of this series were excluded as donors. Lee et al[37] reported the usefulness of semi automated liver MR volumetry using hepatobiliary phase gadoxetic acid-enhanced images with the quadratic MR image division to measure liver volume in potential living liver donors; the average volume measurement error of the semi automated MR volumetry was 2.35% ± 1.22%. Zappa et al[38] applied CT volumetry to the evaluation of total and segmental liver regeneration after hepatectomy: CT was able to identify even segmental regeneration, reporting a 64% increase in liver volume from the future remnant 7 d after hepatectomy. CT imaging can be useful also to evaluate volumetric modifications after the induction of liver hypertrophy prior to surgery: Ulla et al[39] reported that CT volumetry, being able to calculate the mean absolute future-liver-remnant (FLR) and FLR/total liver volume (TLV) ratio before and after surgery, plays a key role in decision-making, monitoring and predicting liver hypertrophy pre- and post-operatively; in particular, if the enlargement of the FLR is as expected 6 d after surgery on CT examination, a second-step surgery can be safely performed. It has been reported by Vienne et al[40] that CT volumetry is also important prior to endoscopic biliary drainage, in order to estimate the volume of liver to drain: the main factor associated with drainage effectiveness was a liver volume drained of more than 50%. Kalkmann et al[41] has proposed the use of CT-based liver volumetry as a parameter to assess therapy response in patients with advanced liver metastasis, reporting that progressive disease led to larger median liver volume variations than partial remission or stable disease. Literature seems to provide a substantial equivalence between CT and MRI for liver volume estimation, but it must be otherwise noted that there is a bias related to a higher amount of published papers regarding CT-based volumetry. For example, Aoyama et al[34] proposed a manual segmentation technique that requires the tracing of 4 images, which showed a high linear correlation with the conventional manual tracing technique (r = 0.98; slope 0.97; P < 0.001), and does not depend on imaging modalities, so both MRI and CT images can be used. Kianmanesh et al[42] described a technique based on CT measurements of liver angles (the so-called angulometry) that can be used to predict liver ratios on both CT and MRI slices. Angulometry was described as simple and accurate (mean ± SD percentages of the TLV in angulometry and volumetry: 25% ± 4% and 20% ± 3%, respectively, with P < 0.05; mean ± SD overestimation of the percentage of the TLV in angulometry: 2.7% ± 7.0%). Numminen et al[43] stated that 3D liver models, which can be reconstructed both from modified discrete cosine transform and MRI data, improve the surgeon’s knowledge of liver anatomy and made even more complicated liver resections safe. Despite the reported accuracy, the volumetric evaluation performed both with CT and MRI seems to have a certain degree of error, tending to overestimate the actual hepatic volume in respect to the intra-operative volumetric evaluation, probably due to intra-operative loss of blood, as proposed by Niehues et al[44]: median liver density in his series was 1.07 g/mL. Regression analysis showed a high correlation between CT volumetry and water displacement (r = 0.985), but CT volumetry was found to be 13% higher than water displacement volumetry (P < 0.0001): the only relevant factor leading to this difference seemed to be blood perfusion. For these reasons, some authors have proposed the use of conversion factors and formulas, which should standardize imaging volumetry, providing a more realistic evaluation of liver volume[45,46]. Tongyoo et al[47], for example, proposed a formula that combined sonographic portal vein diameters measurement and CT liver volumetry, providing a precise donor screening for graft size adequacy. Sakei et al[48] proposed another formula to calculate the standard liver volume of children undergoing liver transplantation (standard liver volume = 689.9 × body surface area - 24.7), using CT images as a reference. Li et al[49] proposed the use of an equation (intraoperative weight = 0.844 × preoperative CT volume + 5.271) that can be useful to predict the actual graft weight (r = 0.885). Ribero et al[50] reported that the use of an estimated TLV, measured on the basis of correlation existing with body surface area (-794.41 + 1267.28 × body surface area), can identify about 11% of patients in whom liver volumetry directly calculated by CT images underestimates the risk of hepatic insufficiency. Chun et al[51] assessed the usefulness of future liver remnant calculation by means of CT standardized to body weight or body surface area, reporting a strong correlation for both measurements (r = 0.98). Vauthey[52] stated that the CT-based calculation of future liver remnant to TLV ratio by using a formula based on body surface area (liver volume = 706 × body surface area + 2.4) can provide a precise assessment of the future remnant before resection, and this is also useful in evaluating response to portal vein embolization. Müller et al[53] tested different measurement algorithms to predict TLV and reported that the analysis of 3D CT volumetry showed good correlation between the actual and the calculated liver volume in all tested algorithms; the Heidelberg algorithm reduced the measuring error with deviations of only 1.2%. Kayashima et al[54] created an age-adjusted formula using regression analysis retrospectively in 167 donors: 70.767 + (0.703 × graft volume estimated with 3D CT volumetry) + (1.298 × donor age). The mean reported error ratio for the age-adjusted formula (9.6%) was significantly lower than that from 3D CT (14%).

IMAGING: HOW TO CALCULATE LIVER VOLUME?

Various methods have been developed to calculate hepatic volume using CT or MR images. The first proposed method was the manual tracing of the entire liver, but despite a relative precision it was a very time-consuming technique[55-57]. More recently, automatic or semiautomatic segmentation techniques, for example using mathematical models based on histogram cluster analysis, were introduced[58]. Suzuki et al[59] developed an automated liver extraction scheme for measuring volumes at CT and compared the automated volumetric assessment based on this scheme with the findings at interactive volumetry performed with commercially available assist software and with manual volumetry, considered as the reference standard. The values obtained with automated and interactive CT liver volumetry agreed with the values obtained with manual volumetry (intra-class correlation coefficient = 0.94 and 0.96); automated volumetry required substantially less user time (less than 1 min/case) than manual volumetry (approximately 40 min/case) and interactive volumetry (approximately 30 min/case). With reference to liver transplantation, Radtke et al[60] described and validated a modus 3D volumetry based on unenhanced CT images, which accurately accounted for intrahepatic vascular volumes and offered a precise virtual model of individualized operative conditions for each potential live liver donor. Nakayama et al[61] proposed an automated method to obtain liver volumetry on CT images with good correlation with in vivo measured volumes (r = 0.792) in patients awaiting living related liver transplantation. Soyer et al[62] reported that there is a significant correlation (r = 0.767, P < 0.001) between hepatic height and hepatic volume, thus suggesting that hepatic height can be used to quickly predict hepatic volume, thus avoiding time-consuming evaluations as the manual segmentation. Kim et al[63] reported that the automated measurement of blood-free volume must be performed at automated CT volumetry in live liver donors; this parameter is more accurate than the ratio between blood-filled volume/1.22 in estimation of hepatic weight. From a technical point of view, it seems fundamental to use thin-section images, as reported by Hori et al[64]: liver volumes calculated from 2.5-mm-thick or thicker images resulted significantly smaller than liver volumes calculated from 3D images. If a maximum error of 5% in the calculated graft volume will not have a significant clinical impact, 5-mm-thick images are acceptable for CT volumetry, but if the impact is significant, 3D images could be essential. Luciani et al[65] reported that both manual and automated multiphase CT-based volume measurements were strongly correlated to liver volume (r = 0.87 and 0.90, respectively), but automated segmentation was significantly more rapid than manual segmentation (mean time: 16 ± 5 and 86 ± 3 s, respectively). Suzuki et al[66] developed a general framework for liver segmentation in both CT and MRI, using an anisotropic diffusion filter to reduce noise, a scale-specific gradient magnitude filter to enhance liver boundaries, a fast-marching algorithm to roughly determine liver boundaries, and a geodesic-active-contour model coupled with a level-set algorithm to refine the initial boundaries. The comparison of this computer volumetry with “gold standard” manual volumetry reported an excellent agreement (intra-class correlation coefficient = 0.94 and 0.98, respectively), with smaller average user time for computer volumetry. The usefulness of geodesic active contour segmentation was already reported[67]: in this series, the computer-estimated liver volumetrics agreed excellently with the gold-standard manual volumetrics (intraclass correlation coefficient = 0.95) with no statistically significant difference. The average accuracy, sensitivity, specificity, and percent volume error were 98.4%, 91.1%, 99.1%, and 7.2%, respectively. Zhou et al[68] tested three semiautomatic algorithms: 2D region growing with knowledge-based constraints, 2D voxel classification with propagational learning and Bayesian rule-based 3D region growing, reporting a promising overall performance of the first two methods. The use of independent software for an off-site volumetric analysis is also widespread, mainly among non-radiologists, performed on digital imaging and communications in medicine images with their own personal computer, but very few studies provided a validation of these evaluation methods, comparing, for example, their results to the volumetric analysis performed by the radiologist who performed imaging[69,70]. For example, Dello et al[69] compared ImageJ (http://rsb.info.nih.gov/ij/download.html) and OsiriX (http://www.osirix-viewer.com) in performing prospective CT volumetric analysis of the liver on a personal computer in patients undergoing major liver resection, reporting a significant correlation between the measured weights of resection specimens and the volumes calculated prospectively with ImageJ and OsiriX (r = 0.89 and r = 0.83, respectively) and a significant correlation between the volumes measured with radiological software and the volumes measured with ImageJ and OsiriX (r = 0.93 and r = 0.95, respectively). van der Vorst et al[70] assessed the accuracy of OsiriX (http://www.osirix-viewer.com) CT volumetry for predicting liver resection volume (RV) and FLVR in patients undergoing partial hepatectomy, and found significant correlations between these data and the weight and volume of the resected specimens (r = 0.95). Lu et al[71] reported that the hepatic volume calculation obtained with graphic software was reliable, despite the significant disadvantage in digitalization of CT films and manually copying pixel values.

PERSONAL EXPERIENCE

Materials and methods

A radiologist (M.D.) with 10 years of experience in abdominal imaging, blinded to the actual type of resection and to the final diagnosis, retrospectively reviewed the preoperative CT of all patients with primary liver malignancy (hepatocellular carcinoma or cholangiocarcinoma) that underwent resection of two or more liver segments in the last two years in our liver surgery unit. After reviewing CT, an on-site volumetric analysis was performed, using the post-processing application of our CT workstation (Liver Analysis; Extended Brilliance Workstation, Philips, Eindhoven, The Netherlands). The volumetric data were compared with those obtained at an off-site analysis by the hepatic surgeon (A.R.), with ten years of experience in liver surgery, with an independent off-site post-processing software (OsiriX, www.osirix-viewer.com) on his personal computer; to assess the reliability of the two methods, the RVs obtained with the two analysis methods were then compared with the actual weights of surgical specimen. The patients that underwent surgical resection for liver metastases, as well as those with benign liver tumors, were excluded from the study, because of the possibility of performing atypical resections, whose margins and whose extent cannot be accurately reproduced. Other exclusion criteria were: a pre-operative CT performed in another hospital, to avoid bias deriving from the use of a different scan protocol; the absence of weight data of the surgical specimens. Using these criteria, 14 patients were excluded from the study, 6/14 for a pre-operative CT scan performed in another hospital, 8/14 for the absence of weight data of the surgical specimens. Twenty-two patients were included in this study, 10/22 (45.5%) with hepatocellular carcinoma and 12/22 (54.5%) with cholangiocarcinoma (8/12 hilar cholangiocarcinoma; 4/12 peripheral cholangiocarcinoma).

All exams were performed with a multidetector CT scanner (Brilliance 64, Philips, Eindhoven, The Netherlands), before and after intravenous administration of a iodine contrast medium at a concentration of 370 mg/L (Ultravist 370, BayerScheringPharma AG, Berlin, Germany) through an antecubital vein of the arm, using an automatic double-syringe injector (Stellant, MedRad, Indianola, PA, United States) at a flow rate of 3-4 mL/s, followed by a bolus of 50 mL of saline at the same flow rate; the contrast medium amount was tailored to the patient’s weight, injecting 15 mL/kg of contrast medium. Positive oral contrast-medium was never administered. In all cases a quadriphasic examination was performed, using a bolus tracking technique: a pre-contrastographic scan of the upper abdomen; an arterial phase scan of the upper abdomen, performed 15 s after the reach of the aortic enhancement threshold (120 HU); a portal/venous phase scan of the entire abdomen, performed 70 s after the administration of the contrast media; and a delayed phase scan of the upper abdomen, performed 180 s after the administration of contrast media; an additional 10-min delayed acquisition was performed in patients with cholangiocarcinoma. The following parameters were used: thickness 2 mm; increment 11 mm; tube voltage 120 kV; collimation 64 × 0.625; pitch 0.891 for the pre-contrastographic, venous and delayed phase scan, 0.5 for the arterial phase scan; rotation time 0.75 s. For the on-site analysis, liver volumes were calculated with Liver Analysis application software, which uses the density differences in portal/venous scan images to obtain a semi-automatic liver segmentation. The gallbladder and the main vessels, such as the retro-hepatic inferior cava vein, were manually excluded from segmentation volume. A volumetric reconstruction of the liver and the quantification of TLV were obtained (Figure 1); the lesion was then manually segmented, obtaining the tumor volume (TV) (Figure 2). Then, a virtual hepatectomy was performed (Figure 3), obtaining RV values and FLRV values. The FLRV value was calculated both as an absolute value expressed in cubic centimeters, both as a percentage (FLRV%): for extra-hepatic lesions (i.e., hilar cholangiocarcinoma; the FLRV% was directly calculated as the ratio between FLRV and TLV), while for intra-hepatic lesions the FLRV% was indirectly calculated, first obtaining the actual TLV (ATLV) value, calculated as the difference between TLV and TV, because intra-hepatic lesions represent a non-functioning hepatic portion, which must not be included in the FLRV% value. The surgical specimen’s weight was used as the reference standard for the RV measurement, assuming that 1 g of parenchyma was equal to 1 cc; despite some authors[72] having reported that CT overestimates hepatic volume in comparison with the immersion of the surgical specimen in water, used for the ex vivo intraoperative volume measurement according to Archimedes’ principle. This approximation is acceptable because we considered it as the same for the two analysis methods. The Bland-Altman method was used to test the difference (delta) between the values obtained with the two methods against their average. The Pearson’s correlation test was used to assess the correlation between the estimated RV and the weight of surgical specimens. The statistical analysis was performed with GraphPad Prism 5.03.

Results

The following resections were performed: left hepatectomy (resection of segments 2, 3 and 4 in 1 hilar cholangiocarcinoma), right hepatectomy (resection of segments 5, 6, 7 and 8 for 7 hepatocellular carcinomas and 2 cholangiocarcinomas); right hepatectomy and resection of caudate lobe (resection of segments 1, 4, 5, 6, 7 and 8 for 5 hilar cholangiocarcinomas); left hepatectomy and resection of caudate lobe (resection of segments 1, 2, 3, 4, 5 and 8 in 1 hilar cholangiocarcinoma); mesohepatectomy (resection of segments 4, 5 and 8 for 1 hepatocellular carcinoma); bisegmentectomy (1 cholangiocarcinoma, 2 hepatocellular carcinomas).

The average and delta values (difference between the values) of TLV, TV, ATLV, RV, and FLRV obtained with the two analysis methods are shown in Table 1.

Discussion

All patients included in this series had undergone resection of two or more liver segments; in these cases it seems important to perform a pre-operative liver volumetry to assess the FLRV; mean FLRV% obtained with on-site and off-site analysis were equivalent (50% and 49%, respectively). No patient developed PHLF.

The accuracy of the on-site analysis for the prediction of resection type was 100%, because in all cases the virtual resection correctly predicted the actual surgical resection.

The Bland-Altman comparison between the results of the two analysis methods is shown in Figure 4: the overall comparison between the mean values of the volumetric data obtained with on-site analysis and off-site analysis showed good correlation, with bias value of 26.24 (SD = 10.17, 95% limits of agreement from 6.301 to 46.18), thus configuring a substantial equivalence between the two analysis methods. The regression analysis did not show significant differences between the slope of the two regression curves (F = 0.09, P = 0.76, pooled slope = 0.88).

The RV values obtained with the on-site analysis and the off-site analysis showed high correlation with the actual surgical specimen’s volume, with R values equal to 0.86 (95% confidence interval 0.69 to 0.94, P < 0.0001) and 0.88 for the off-site analysis (95% confidence interval 0.73 to 0.95, P < 0.0001).

Conclusion

The volumetric analysis obtained with on-site and with off-site analysis methods seems comparable and reliable. Further studies including a larger population are required.

CONCLUSION
The role of imaging in the pre-operative volumetric evaluation of patients undergoing liver resection or transplantation is fundamental. It seems that CT and MRI are substantially equivalent in this evaluation. Automatic or semi-automatic volumetry are efficient and less time-consuming than manual segmentation. Further studies are needed to evaluate the accuracy of commercially available software for liver volumetry.
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Figure 1  Using a semi-automatic method liver analysis application provides a 3D and a multi-planar reconstruction of the liver. A case of hilar cholangiocarcinoma involving the left hepatic duct, with marked hypotrophy of the left lobe (type Ⅲb according to the Bismuth-Corlette classification) (A) and a case of hepatocarcinoma in segments 4-5-8 (B) are shown.
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Figure 2  For intra-hepatic masses the manual segmentation of the lesion is needed. A huge hepatocarcinoma (arrowhead) in segments 4-8-5 is shown.
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Figure 3  The future liver remnant volume is shown in pink, while the resection volume is shown in blue. A left hepatectomy for a hilar cholangiocarcinoma involving the left hepatic duct (A) and a mesohepatectomy (resection of liver segments 4-8-5) for a hepatocarcinoma (shown in green, B) are shown.
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Figure 4  Bland-Altman graphs plotting the mean against the difference for total liver volume (A), tumor volume (B), resection volume (C), actual total liver volume (D), future liver remnant volume (E), and overall mean (F) with the two measurement methods; the correlation lines for the comparison between the resection volume and the actual volume of the resection specimens obtained with Pearson’s correlation test are shown in (G). TLV: Total liver volume; TV: Tumor volume; RV: Resection volume; ATLV: Actual total liver volume; FLRV: Future liver remnant volume.
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Table 1  Mean values of total liver volume, tumor volume, actual total liver volume, resection volume, future liver remnant volume, their mean and difference


Variable


�
On-site


�
Off-site


�
Mean


�
Difference


�
�
TLV


�
1787.31


�
1743.58


�
1765.48


�
43.73


�
�
TV


�
   248.67


�
  227.68


�
  238.18


�
20.99


�
�
RV


�
1021.23


�
  995.48


�
1008.36


�
25.75


�
�
ATLV


�
1538.65


�
1515.89


�
1527.27


�
22.76


�
�
FLRV


�
   766.08


�
  748.10


�
  757.09


�
17.98


�
�
Values in cubic centimeters. TLV: Total liver volume; TV: Tumor volume; RV: Resection volume; ATLV: Actual total liver volume; FLRV: Future liver remnant volume.








