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L. Slimani / Quantification of liver perfusion with PET                                                              2 Abstract (204 words) Background/Aims: Hepatic perfusion plays an important role in liver physiology and disease. This study was undertaken to 1) validate the use of Positron Emission Tomography (PET) and oxygen-15-labeled water ([15O]H2O) to quantify hepatic and portal perfusion, and 2) examine relationships between portal perfusion and liver glucose and lipid metabolism. Methods: Liver [15O]H2O-PET images were obtained in 14 pigs during fasting or hyperinsulinemia. Carotid arterial and portal venous blood were sampled for [15O]H2O activity; Doppler ultrasonography was used invasively as the reference method. A single arterial input compartment model was developed to estimate portal tracer kinetics and liver perfusion. Endogenous glucose production (EGP) and insulin-mediated whole body glucose uptake (wbGU) were determined by standard methods. Results: Hepatic arterial and portal venous perfusion was 0.15±0.07 and 1.11±0.34 ml/min/ml of tissue, respectively. The agreement between ultrasonography and [15O]H2O-PET was good for total and portal liver perfusion, and poor for arterial perfusion. Portal perfusion was correlated with EGP (r=+0.62, p=0.03), triglyceride (r=+0.66, p=0.01), free fatty acid levels (r=+0.76, p=0.003), and plasma lactate levels (r=-0.81, p=0.0009).  Conclusions: Estimates of liver perfusion by [15O]H2O-PET compared well with those by ultrasonography. The method allowed predict portal tracer concentrations, which is essential in human studies. Portal perfusion may affect liver nutrient handling. Keywords: Hepatic blood flow • Liver metabolism • compartmental modeling • parameter estimation • Portal vein • hepatic artery 



L. Slimani / Quantification of liver perfusion with PET                                                              3 Introduction Hepatic blood flow is an important factor in liver disease of any severity. The occurrence of liver ischemia-reperfusion damage is a fundamental concern in liver trauma, sepsis, and liver transplantation. Portal blood flow was shown to be an independent predictor of patient survival in alcoholic hepatitis1. Hepatic blood flow is impaired in the fatty liver and responds to its amelioration2; thus, its assessment seems useful to evaluate the natural course of non-alcoholic fatty liver disease, and to monitor the effects of therapy2. While a reduced liver flow may be consequence of disease in the above examples, a physiological role of hepatic perfusion in regulating the metabolism of the organ is suggested by sparse evidence of a positive relationship between liver flow and hepatic glucose output3 and triglyceride release in perfused organs4. The circulatory system of the liver has a dual blood supply. Venous blood, containing nutrients absorbed through a great portion of the gastrointestinal tract is drained into the liver by the portal vein. Arterial blood from the abdominal aorta is supplied to the organ via the hepatic artery. Interestingly, the reduction of portal in favour of arterial flow is associated with corresponding fatty spared liver areas5, 6. Hepatic blood flow has been quantified with invasive techniques, including dye dilution7, 8, microspheres9, plethysmography10, and Doppler ultrasonography11. The latter method is used non-invasively to assess flow velocity in large vessels in humans. However, one important aspect in flow-regulated metabolism may be the exchange between blood and hepatocytes occurring at the microcirculatory level12, and liver microcirculation seems a more sensitive marker of disease and disease recovery as compared with macrovascular blood flow or velocity13. Positron Emission Tomography (PET) can be used in combination with the freely diffusible tracer oxygen-15 labelled water ([15O]H2O), as gold-standard in the quantification of perfusion in different organs14, 15, 16, 17, 18. Perfusion is expressed as blood flow per unit mass or volume of tissue (ml/min/g or ml of tissue), incorporating both micro- and 



L. Slimani / Quantification of liver perfusion with PET                                                              4 macrocirculatory contributions. The mathematical modeling of PET data requires notion of tracer concentrations in the tissue (as determined in sequential images), and in the blood entering the organ, namely the input function. Different from all other organs, receiving only arterial blood that is accessible for direct measurement, the liver is characterized by a dual blood supply, and access to the portal vein is impractical in humans in vivo. A major contribution in this area has been provided by the work of Taniguchi et al19, 20, 21, who developed a series of models to predict the portal input function from arterial measurements, and to estimate liver perfusion; unfortunately, these studies lack the comparison with an independent and validated method. Other authors9 found some discrepancy between PET and microsphere techniques, which they attributed to the heterogeneity of arterial liver perfusion; in their study, the intra-arterial injection of microspheres prevented the direct evaluation of portal or total liver flow, given the interposition of splanchnic organs. Microvascular models were successfully validated against flow meter measurements, by using PET and C15O 22, but the properties of this purely intra-vascular tracer cannot be extrapolated to those of freely diffusible [15O]H2O. The current study was undertaken to validate the use of dynamic PET imaging and [15O]H2O in combination with a single-input, and a one-tissue compartment model for estimating the portal from the arterial liver input function, and quantifying hepatic arterial, portal vein, and total liver perfusion. In addition, endogenous glucose production (as previously reported in these animals23,24) and arterial and portal substrate levels were determined to verify the hypothesis of a relationship between portal flow and liver glucose and lipid metabolism. The study was conducted in the swine model, because Doppler ultrasonography was used invasively as reference method.   



L. Slimani / Quantification of liver perfusion with PET                                                              5 Material and methods Animal preparation Fourteen anesthetized pigs were deprived of food on the day prior to the study at 5:00 pm. Anesthesia was induced by injection of 1.0 g of ketamine into neck muscles before pig transportation to the operating theatre. Throughout the experiment, animals were kept anesthetized with ketamine and pancuronium (total of 1.5 g and 40 mg, respectively) and mechanically ventilated via tracheal intubation with oxygen and normal room air (regulated ventilation, 16 breaths per min). Catheters were placed in the femoral vein and carotid artery, for the administration [15O]H2O, and for sampling of arterial blood, respectively.  Splanchnic vessels were accessed by sub-costal incision; after dissection of the hepato-gastric ligament, purse string sutures were allocated to allow catheter insertion via a small incision in the portal vein. Doppler flow-probes (Medi-stim Butterfly Flowmeter, Medi-Stim AS)  were placed around the portal vein and hepatic artery to determine blood velocity in each vessel ; blood flow was monitored continuously and recorded eight times. The surgical access was closed, and the distal catheter extremities were secured to the abdominal surface to avoid tip displacement. The animals were then transported to the PET centre for tracer administration, liver imaging and blood sampling. Seven animals were studied during fasting and eight during euglycemic hyperinsulinemia, as previously described23,24. The protocol was reviewed and approved by the Ethical Committee for Animal Experiments of the University of Turku. PET scanning Scans were performed using an ECAT 931-08/12 scanner (CTI Inc, Knoxville, TN) with a 10.5 cm axial field of view and a resolution of 6.7 mm (axial) x 6.5 mm (in-plane) full width at half maximum (FWHM). A transmission scan was performed to correct for photon attenuation. [15O]H2O (806±50 MBq) was rapidly injected, a 345 sec dynamic [15O]H2O PET scan was started (20 frames, 1x2.5, 5x5, 1x10, 5x15, 1x22.5, 7x30 seconds). Arterial and portal venous blood was continuously withdrawn for the determination of blood [15O]H2O radioactivity, by using online blood pumps at a rate of 6 ml/min. Each online device 



L. Slimani / Quantification of liver perfusion with PET                                                              6 consisted of two pairs of coincidence BGO crystals and a peristaltic pump. The detectors had been cross-calibrated to the PET scanner via ion chamber. The blood curve from the online sampler was calibrated and corrected for decay and dispersion14. Additional arterial and portal venous blood samples were obtained during the study for the assessment of circulating glucose, insulin, lactate, triglyceride, fatty acids and liver enzymes, as previously described25, 26. Vital signs, blood pressure and heart rate were monitored throughout the study. At the end of the experimental period, animals were sacrificed by potassium chloride injection and anaesthetic overdose, the abdominal cavity was rapidly accessed, the whole organ was explanted and its volume was measured by water displacement. Doppler flow measurements in ml/min were divided by the organ volume to obtain PET equivalent units of ml/min/ml. Image processing All sinograms were corrected for tissue attenuation, dead time, and decay, and reconstructed through standard reconstruction algorithms in a 256x256 matrix. Final in-plane resolution of reconstructed and Hann-filtered images was ~10 mm at 10 cm from the centre of the gantry. Regions of interest (ROI) were drawn in the [15O]H2O image over 3-6 transaxial planes corresponding to the right lobe of the liver to obtain hepatic [15O]H2O time activity curves (TACs). Data analysis - Compartmental Modeling The compartmental model used to quantify liver perfusion is shown in Figure 1, representing the Kety-Schmidt, single-tissue flow model27, as modified to take into account the dual liver perfusion, and the tracer outflow via the hepatic vein. Image-derived liver [15O]H2O concentrations, and the arterial blood time course of [15O]H2O (as single input function) were used in the model to obtain estimates of portal vein [15O]H2O levels and separate estimates of arterial and portal venous liver perfusions. Notably, [15O]H2O activity levels as directly measured in the portal vein were not used in the modelling process, but they were needed to validate the estimated values. In the current model, the 



L. Slimani / Quantification of liver perfusion with PET                                                              7 whole liver with extra-vascular space, capillaries and cells is simplified as a single compartment and water is assumed to be freely diffusible. For the calculation of liver perfusion we assumed extraction fraction equal to 1.0 in the liver. Perfusion from the hepatic artery and from the portal vein is represented by Fa and Fp, respectively. The outflow rate constant (k) from the liver is given by the sum Fa + Fp. The single input model can be described mathematically by the following equations: dCL(t)/dt = FaCA(t) + FpCV(t)  –KCL(t)   dCL(0)/dt = 0  (1) dCd(t)/dt = FaCA(t) –  FaCd(t)     dCd(0)/dt = 0  (2) with the washout-constant K, (min-1) as : K = [(Fa + Fp)/VL]. dCV(t)/dt = Fp*[CA(t) + CG(t)] – 2*FpCV(t)   dCV(0)/dt = 0  (3) dCG(t)/dt = FpCv(t) –  FpCG(t)    dCG(0)/dt = 0  (4) where CA(t), CV(t) and CL(t) represent [15O]H2O concentration in the artery, portal vein and liver, respectively. CG is the [15O]H2O concentration in a notional gut compartment (gastrointestinal organs), here defined as portal organ because it is assumed to be drained in the portal vein. VL is distribution volume of tracer between blood and tissue. Cd is the [15O]H2O concentration in compartment representing the heterogeneity and slowing of flow at the entry in the liver. The exchanges parameters between CG and CV are assumed to be equal to FP. A hepatic blood volume term, V0, was included in the model to account for the contribution of the tracer within vascular/sinus space of the tissue to the observed tissue ROI activity, Cobs(t) = (1-V0)×CL(t) + V0CA(t),   (5) where CA is the [15O]H2O arterial blood concentration. Delay correction The time delay between the liver and the carotid blood-sampling site was corrected by a fixed constant obtained with a graphical method in each study, as shown in figure 2. 



L. Slimani / Quantification of liver perfusion with PET                                                              8 Parameter estimation All parameters were determined by iterative curve fitting and the minimization of an objective function implemented in the SAAM II software28. Compartmental model parameters were estimated by weighted nonlinear least squares and the observed PET activity, Cobs, was described as:  Cobs (tj) = C(tj) + e(tj)  j=1, 2 … N    (6) where e(tj) is the measurement error at time tj assumed to be independent, Gaussian, zero mean. The goodness of the fit was judged by the residual error evaluation calculated at the different sample time as: 2ij i,j ij i,jˆwres w s(p,t ) y = −       (7) where wi,j is the weight associated with each datum, s(ˆ p ,tij)  is the value predicted by the model, y i, j  is the measured experimental value and p is the unknown parameter estimated. SAAM II calculates a weight "wi,j" associated with each datum "yi,j" from the standard deviation that has been assigned to the datum by the user, a fractional standard deviation (FSD) of "0.1" was assigned to each datum. Parameter precision was evaluated from the inverse of the Fisher information matrix29. Statistical analysis Results are expressed as mean±SD. Values of model parameters with low precision, as defined by a coefficient of variation (CV = SD( ˆ ip )/ ˆ ip x 100, where ˆ ip is the parameter estimate and SD( ˆ ip ) is its standard deviation) >100% were excluded from the calculation of the group mean. Agreement between the results obtained with the model and ultrasonography method was tested by the Bland-Altman approach30. Regression analysis was performed according to standardized methods; in the evaluation of relationships between liver perfusion and metabolic measurements, each variable showing a significant correlation was re-tested in a multiple regression model taking into account the differences in insulin levels23,24. A p < 0.05 was considered to be significant. Statistical analysis was performed using Statview for Windows, SAS institute. 



L. Slimani / Quantification of liver perfusion with PET                                                              9 Results Compartmental modeling A representative example of a liver H215O image and of the measured arterial, portal venous and tissue time-activity curves in pig 1 is shown in Figure 3A-C. Model parameters were estimated with good precision in most studies; the single-input model was able to predict the time course of tracer concentrations in each compartment. An example is given in Fig. 3, showing the adherence of model-predicted vs directly measured time activity curves in the portal and tissue compartments. Individual arterial and portal perfusion, and distribution volume results, as obtained by fitting the single-input model to the measured data are reported in Table 1. Mean arterial and portal venous perfusions were 0.15 ± 0.07 and 1.11 ± 0.34 ml/min/ml, respectively; average VL and V0 were 0.67 ml/ml ± 0.03 and 0.085 ± 0.054, respectively. Compartmental modeling vs Doppler ultrasonography Bland-Altman plots for Fp, Fa and k, as given in Figure 4, showed 77% of values falling within 1 SD of the mean for k and Fa, and 72% of values falling within 1 SD of the mean for Fp values. Only one value was outside the 95% agreement interval for Fp and k. The mean difference was close to zero for all three parameters, namely 0.03 for Fa, 0.11 for Fp and 0.11 for k, and the SD was independent of increasing mean values. The limits of agreement (Fig. 4) in the assessment of portal and total perfusion where well below respective average values (x-axis), indicative of a good correspondence between methods, whereas the ones obtained in the assessment of arterial perfusion were in the same order of magnitude as the respective average values, suggesting a poor level of agreement. Sensitivity analysis The sensitivity analysis presented in Figure 5 shows the dependency of arterial and portal perfusion on the distribution volume VL and the blood volume fraction V0. The perfusion values for hepatic artery remain constant with increasing VL and V0. 



L. Slimani / Quantification of liver perfusion with PET                                                              10 Metabolic correlates of liver perfusion Hyperinsulinemia did not stimulate total hepatic perfusion. In animals undergoing insulin infusions, ultrasound portal flow was slightly lower already at baseline, and the difference did not change during the infusion as compared with fasting experiments, since a 5-10% decline occurred under both conditions (p=0.04 vs baseline). No differences or changes were detected in arterial and total blood flow. Correlations were sought between arterial or portal venous perfusion and circulating substrate levels, insulin-mediated whole body glucose uptake (wbGU), and endogenous glucose production (EGP). The methods for calculating wbGU and EGP, and the effects of insulin on these variables in these animals have been previously reported23,24; results are here used only to examine their relationship with hepatic perfusion. During the study, portal liver perfusion, as determined by compartmental modeling was positively correlated with endogenous glucose production (r=0.56, p=0.05) (Fig. 6), insulin-stimulated wbGU (r=0.83, p=0.02), triglyceride and free fatty acid levels, and negatively associated with plasma lactate levels (Fig. 7). Relationships were similar whether arterial or portal substrate concentrations were considered. Although insulinemia was not significantly correlated with portal perfusion, lactate, and triglyceride levels, in order to account for the potential influence of different insulin levels on the above associations, the analysis was repeated to discount for this confounder. In multiple regression analysis, most of the associations were found to be independent of the different insulin levels, and portal perfusion remained significantly related with endogenous glucose production (p=0.04), triglyceride (p=0.009), free fatty acids (p=0.006), and lactate levels (p=0.002), but not with wbGU (p=0.25). Only portal lactate levels were positively related with hepatic arterial perfusion (r=0.55, p=0.049).  Discussion 



L. Slimani / Quantification of liver perfusion with PET                                                              11 The current study provides support to the use of PET in the separate quantification of arterial and portal perfusion to the liver, by 1) demonstrating an equivalence with data obtained with the chosen reference method, 2) confirming that the two blood supplies adjust to some extent in a reciprocal fashion to preserve nutrient delivery to the liver, and 3) supporting the concept that portal perfusion is an independent modulator of liver metabolism. We used a modified one compartmental model27, taking into account the dual blood delivery to the liver. The inaccessibility of the portal vein in humans prompted us to utilize a single-arterial-input mathematical approach to obtain portal tracer estimates. Thus, our model included a hepatic artery, a portal organ and a liver compartment. As compared with previously reported configurations9, 21, an additional compartment had to be introduced between the arterial input and the liver, representing the heterogeneity and slowing of flow at the entry in the liver, in accord with the notion that the distribution of blood flowing across terminal branches of the hepatic artery to the microcirculatory units of the liver, namely the acini, is heterogeneous31, 32. Flow in this compartment was assumed to be constant, and equal to that in the hepatic artery. We used the parameters obtained in the fitting procedure to simulate the time-course of tracer concentrations in each compartment, and showed a quite good correspondence between the model-predicted and the measured curves. This indicates that the model is appropriate in describing the tracer kinetics. To validate our technique in the quantification of liver perfusion, the Doppler ultrasound technique was utilized invasively, as comparative tool. Ultrasonography is one of the standard methods in the assessment of liver blood flow33, 34, 35, but it allows flow (blood volume/time) and not direct perfusion determinations (blood volume/time/tissue volume); in order to obtain PET-comparable results, Doppler measurements were divided by the liver volume, as determined after organ explanting. Bland-Altman analysis30 showed a close agreement between the two techniques for portal and total liver perfusion; arterial perfusion is much lower than portal venous 



L. Slimani / Quantification of liver perfusion with PET                                                              12 perfusion, and thus the relative measurement error within each method is expectedly larger, and the agreement between methods poorer. Overall, the portal and arterial contributions to liver perfusion were in the expected order of magnitude, comparing well with those in numerous other studies9, 21, 22, and our perfusion values were similar to, e.g., recent estimates by computerized tomography, showing figures of 0.18±12 (hepatic artery) and 0.93±31 ml/min/ml (portal vein)36, vs 0.15±7 and 1.10±34, respectively, in the current study.  The lack of change in total hepatic perfusion during insulin stimulation confirms previous findings in dogs37, and rules out that this mechanism is per se responsible for the post-prandial rise in splanchnic blood flow, as described in some38, but not all human studies39. The evidence that portal, but not arterial hepatic perfusion was associated with most of the tested metabolic variables demonstrates the importance of measuring independently the two liver blood supplies, since assessing total flow alone would have masked all the associations observed in the current study. This selective involvement of portal perfusion is consistent with the role of the portal circulation in delivering absorbed nutrients and hormonal signals to the liver for subsequent processing. In absolute terms, EGP and lipid levels were suppressed from the fasting to the hyperinsulinemic condition, and liver perfusion was not affected to a significant extent. However, the positive association of portal perfusion and EGP, triglyceride, and fatty acid levels was independent of insulinemia, and suggestive of an active role of portal perfusion in promoting liver discharge and delivery of nutrients for peripheral utilization. This interpretation is consistent with the proportional rise in EGP and hepatic blood flow obtained in humans by adrenaline infusion3, and with results in perfused liver studies, in which the cross-effects of insulin and liver flow on lactate and triglyceride export were examined4, demonstrating an insulin-independent, flow-mediated promotion of de novo lipogenesis and triglyceride release. Because hepatic flow was found to inversely regulate tissue oxygen 



L. Slimani / Quantification of liver perfusion with PET                                                              13 extraction in the above study, lactate levels increased in proportion to the flow reduction4. Our negative association between portal perfusion and plasma lactate levels is in line with this previous finding, as well as with observations obtained under more extreme situations, in which a reduction in splanchnic flow decreased the efficiency of hepatic lactate uptake, leading to higher plasma lactate concentrations40. An opposite association occurred between portal lactate levels and hepatic arterial perfusion, which is expected to change somewhat reciprocally to portal perfusion41, 42. Although our current findings are in accord with the available knowledge, attention should be drawn to the following concepts. First, associations in this study could only be explored across study groups with different insulin levels, given a limited sample size, accounting for the invasiveness and complexity required for validation purposes; though multiple regression analysis was performed to discount for the independent effect of insulinemia on the explored relationships, though the effect of insulin on hepatic H215O dwell time, if any, is taken into account in the modelling procedure, and though EGP was obtained from plasma tracer kinetics by standard procedures24 - caution should be exterted in extrapolating definitive conclusions before broader ad-hoc human studies are performed within individual metabolic states. Second, the physiological regulation of liver metabolism by portal perfusion may be masked or inverted in the diseased liver, in which functional and mechanical abnormalities are primary cause of both impaired perfusion and excess substrate export, thus leading to a negative relationship between these two variables43, 2, as opposed to the positive one shown in this study.  In summary, the use of a single input, one-compartmental model applied to dynamic water PET data to estimate portal venous and total hepatic perfusions shows a good agreement with ultrasonography, and it allows to estimate portal tracer concentrations from arterial measurements, which is essential for its implementation in humans. This technique may be 



L. Slimani / Quantification of liver perfusion with PET                                                              14 used in the prognostic assessment and treatment monitoring in liver disease, of which perfusion is a known predictor. Moreover, the correlative findings between portal perfusion and nutrient handling described here are suggestive of a physiological, regulatory role of this process, which may mediate both hepatic and peripheral metabolic responses to the nutritional situation, via meal induced hepatic hyperemia; the latter aspect necessitates confirmatory evaluation in larger studies in humans.  
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L. Slimani / Quantification of liver perfusion with PET                                                              21 Table 1. Individual model parameters  Study number  Fa (ml/min/ml)  Fp (ml/min/ml)  V0 (ml/ml)  VL  1 0.19 (44) 1.64 (13) 0.08 (7) 0.66 (13) 2 0.17 (29) 1.75 (14) 0.23 (6) 0.67 (5) 3 0.06 (55) 1.08 (7) 0.13 (5) 0.66 (4) 4 0.13 (23) 1.46 (8) 0.09 (7) 0.7 (4) 5 0.14 (23) 1.19 (7) 0.12 (6) 0.64 (5) 6 0.20 (57) 1.04 (20) 0.1 (6) 0.71 (19) 7 0.06 (53) 1.25 (12) 0.11 (6) 0.67 (9) 8 0.29 (52) 0.57 (22) 0.027 (7) 0.63 (5) 9 0.14 (56) 0.59 (66) 0.034 (9) 0.66 (5) 10 - 1.04 (5) 0.07 (6) 0.70 (4) 11 0.04 (52) 1.08 (10) 0.06 (6) 0.70 (9) 12 0.15 (35) 0.91 (12) 0.04 (7) 0.66 (11) 13 0.20 (43) 0.94 (5) 0.057 (6) 0.72 (4) 14 0.21 (36) 1.01 (5) 0.035 (7) 0.68 (3)  Mean ± SD  0.15 ± 0.07  1.11 ± 0.34  0.085 ± 0.054  0.67 ± 0.03 Values presented are hepatic artery flow (Fa), portal vein flow (Fp), hepatic blood fraction (V0) and distribution volume (VL). Values in parenthesis represent parameter precision expressed as a percent (%) coefficient of variation. Fa in pig 10 could not be estimated. 



L. Slimani / Quantification of liver perfusion with PET                                                              22 Figure legends Figure 1. Single input model used to estimate liver perfusion. In the model, the whole liver with extra-vascular space, capillaries and cells is simplified as a single compartment. Perfusion from the hepatic artery is represented by Fa and portal vein blood perfusion is represented by Fp. The organ outflow rate constant (k) is given by the sum Fa + Fp. CA(t), CV(t) and CL(t) represent [15O]H2O concentrations in the artery, portal vein and liver compartments, respectively. CG represents [15O]H2O concentration from a notional gut compartment (gastrointestinal organs) here defined as portal organ compartment which is assumed to drain into the portal vein. Figure 2. Graphical method used to calculate the time delay (∆t) between the arterial sampling site and the liver. Figure 3. Typical liver [15O]H2O time-activity curves as measured in arterial, portal venous blood and in the organ in pig 1. Symbols indicate the measured values, fitted lines are the model-predicted tracer kinetics in each compartment. Figure 4. Bland-Altman plots, showing the agreement of ultrasonography and PET estimates of total liver perfusion (k), hepatic arterial (Fa) and portal venous perfusion (Fp). The x-axis and y-axis give mean values, and absolute differences between the two methods. Figure 5. Sensitivity of hepatic arterial and portal perfusion to variations in the distribution volume (VL) and blood fraction (V0) in the selected liver region of interest. Figure 6. Significant relationship between portal venous, but not hepatic arterial perfusion and endogenous glucose production. Figure 7. Significant associations between portal liver perfusion and arterial lactate, free fatty acid, and triglyceride levels. 
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