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Abstract
Phosphate is an essential electrolyte for proper mineralisation of bone, buffering of urine, and diverse cellular actions. Hypophosphatemia (HP) is a clinical spectrum which range from asymptomatic to severe complications such as neuromuscular and pulmonary complications, or even death. Post-hepatectomy HP (PHH) has been reported to be 55.5%-100%. Post-hepatectomy, there is rapid uptake of phosphate and increased mitotic counts to aid in regeneration of residual liver. Concurrently, PHH may be due to increased urinary phosphorous from activation of matrix extracellular phosphoglycoprotein in the injured liver, which decreases phosphate influx into hepatocytes to sustain adenosine triphosphate synthesis. A literature review was performed on PubMed till January 2022. We included 8 studies which reported on impact of PHH on post-operative outcomes. In patients with diseased liver, PHH was reported to have either beneficial or deleterious effects on post-hepatectomy liver failure (PHLF), morbidity and/or mortality in various cohorts. In living donor hepatectomy, PHLF was higher in PHH. Benefits of correction of PHH with reduced post-operative complications have been shown. Correction of PHH should be done based on extent of PHH. Existing studies were however heterogenous; further studies should be conducted to assess PHH on post-operative outcomes with standardized phosphate replacement regimes.

Key Words: Hepatectomy; Hepatocellular Carcinoma; Hypophosphatemia; Phosphates; Liver neoplasms; Liver transplantation

Chan KS, Mohan S, Shelat VG. Outcomes of patients with post-hepatectomy hypophosphatemia: A narrative review. World J Hepatol 2022; In press

Core Tip: Hypophosphatemia (HP) is a clinical spectrum which range from asymptomatic to severe complications such as neuromuscular and pulmonary complications, or even death. Post-hepatectomy HP (PHH) has been reported to be 55.5%-100%. Pathophysiologic mechanisms have been proposed. However, literature on the outcomes of patients following PHH is scarce. This is the first review to summarize existing literature on the pathophysiology of PHH in both healthy and diseased liver, and its impact on post-operative outcomes.


INTRODUCTION
Phosphate is an essential electrolyte which is involved in several bodily functions. It is necessary for proper mineralisation of bone, buffering of urine, and diverse cellular actions such as energy metabolism, proliferation and specific functions of differentiated cells[1]. Given its essential roles, aberrancy in phosphate levels result in adverse impact on the body. Normal adult serum phosphate ranges from 0.81-1.45 mmol/L (2.5-4.5 mg/dL). Hypophosphatemia (HP) is defined as an adult serum phosphate level < 0.81 mmol/L (< 2.5 mg/dL)[2]. HP may also be subdivided according to its severity: mild (0.65-0.81 mmol/L, or 2.0-2.5 mg/dL), moderate (0.32-0.65 mmol/L, or 1.0-2.0 mg/dL) and severe (< 0.32 mmol/L, or < 1.0 mg/dL)[2]. The clinical presentation of HP is a spectrum; patients may be asymptomatic or present with mild symptoms such as fatigue, weakness or anorexia. However, HP may result in severe complications such as neuromuscular disturbances including encephalopathy, seizures, coma, pulmonary complications such as respiratory failure (in view of respiratory muscle weakness), cardiovascular complications such as impaired myocardial performance, hemolytic anemia, or even death[3]. Sequelae of patients with underlying malignancy such as nausea, vomiting and loss of appetite may result in HP from reduced dietary intake[4]. 
HP has been reported to be 0.2%-0.3% in all inpatients, 30% in intensive care unit (ICU) patients and 60-85% in sepsis[5-7]. Post-operative HP is also commonly reported following major abdominal surgery, including liver resection (hepatectomy)[8,9]. Post-hepatectomy HP (PHH) has been reported to be 55.5-100%[10-14]. Literature on the impact of PHH however, remains controversial. Immediately following hepatectomy, there is a drop in serum phosphate due to increased phosphate uptake in the regenerating injured liver, as well as increased urinary loss of phosphorous from activation of matrix extracellular phosphoglycoprotein in the injured liver[15,16]. Some studies have reported improved recovery of initial liver insufficiency in PHH, yet others reported increased major morbidity (cardiorespiratory, infections and haemorrhage)[10,11]. These studies were heterogenous in the extent of hepatectomy and PHH. In view of the lack of high quality evidence, this manuscript aims to review the pathophysiology, etiology, clinical significance and prognostic impact of PHH.

PATHOPHYSIOLOGY AND ETIOLOGY
The homeostasis of phosphate is a complex process. Phosphate regulation is maintained through intestinal phosphate absorption, renal phosphate excretion, and equilibrium of extracellular phosphate with that in bone or intracellular fluid[1]. Intracellular shift of phosphate is enhanced by respiratory alkalosis and insulin. Dietary sources of phosphate include eggs, milk, meat, soy-based products and foods with additives and preservatives[17]. Causes of HP include reduced dietary uptake, impaired intestinal absorption, increased phosphate excretion and intracellular shift of phosphate[2]. Metabolism of phosphate is closely linked to the calcium-parathyroid hormone (PTH)-vitamin D axis. Serum phosphate is mediated by PTH and 1,25 dihydroxyvitamin D (1,25(OH)2D), which play critical roles in the regulation of phosphate homeostasis in the intestines, bone and kidneys; PTH is produced by the parathyroid glands and influence phosphate and calcium levels through the following: (1) Stimulation of bone resorption resulting in an increase in serum calcium and phosphate; (2) Inhibition of resorption of phosphate from tubular fluid in the kidneys resulting in decrease in serum phosphate; and (3) Stimulation of conversion of cholecalciferol to calcitriol in the kidney, whereby calcitriol is responsible for intestinal absorption of phosphate and calcium[18]. General causes of post-operative HP following major abdominal surgery has been postulated to be due to the result of hemodilution caused by bleeding or fluid administration during surgery[19]. Other contributory factors include diabetic ketoacidosis and refeeding syndrome especially in the context of malignancy and associated malnutrition[20]. Figure 1 summarizes the pathophysiology and etiology outlining HP.
Liver tissue contains 0.3% phosphate by weight[21]. PHH has been traditionally thought to be due to the increased metabolic demands by the regenerating liver[22]. Post-hepatectomy, there is rapid uptake of phosphate and increased mitotic counts in the regenerating residual liver, resulting in PHH[15]. However, it has been postulated that there are several pathophysiologic mechanisms behind HP following hepatectomy. Surgery has been shown to result in elevated PTH of up to 9 times intra-operatively[23]. PTH reduces renal proximal tubular phosphate uptake by decreasing the abundance of renal sodium phosphate cotransporters (Npt2a, Npt2c, and PiT-2) in the renal proximal tubule, resulting in increased fraction of excretion of phosphate (Fe-P) with resulting HP[24]. A study by Nafidi et al on 18 patients who underwent hepatectomy showed that intact-PTH (I-PTH) had significant increase on post-operative day (POD) 1 (from 4.5 ± 0.3 to 8.8 ± 0.9 pmol/L, P < 0.01)[25]. Phosphate levels was negatively correlated with I-PTH (r = -0.56: P = 0.024) on POD1, and Fe-P was positively correlated with I-PTH (r = 0.52: P = 0.047)[25]. An alternative explanation for PHH is secondary to increased urinary phosphorous loss due to the release of cathepsin B from activation of matrix extracellular phosphoglycoprotein in the injured liver[16,26]. This activation of matrix extracellular phosphoglycoprotein results in decreased concentration of phosphate influx into hepatocytes to sustain adenosine triphosphate (ATP) synthesis[16]. This is in contrary to the hypothesis that PHH is a result of influx of phosphate into liver for ATP synthesis which aids liver regeneration[22].
Phosphatonins, which are phosphaturic peptides that decrease renal sodium-dependent cotransport of phosphate, may also be responsible for PHH[27]. Fibroblast Growth Factor-23 (FGF-23) inhibits 1,25(OH)2D synthesis and reduces the expression and activity of the sodium phosphate cotransporters in the renal proximal tubule, resulting in reduced intestinal and renal phosphate absorption[28]. FGF-23 is elevated in chronic kidney disease in view of higher phosphate and calcium concentrations[29]. Elevation in FGF-23 (which results in HP) has been demonstrated to be a strong predictor of mortality independent of renal function in patients with end-stage liver disease on transplant waiting list; this has been postulated to be due to the toxic effects of FGF-23 and increased risk of infections at above-physiological levels[30,31]. However, the effect of hepatectomy on FGF-23 levels has not been demonstrated[23].
Recently, translational studies have shown the role of nicotinamide (NAM) and nicotinamide phosphoribosyltransferase (Nampt) in the pathophysiology of PHH[32]. Nampt catalyzes rate-limiting step in conversion of NAM to nicotinamide adenine dinucleotide (NAD) which is essential for cellular metabolism, energy production and deoxyribonucleic acid repair[33]. NAM inhibits intestinal and renal sodium-dependent inorganic phosphate (Na/Pi) transport system in rats[34]. Following hepatectomy, there is increase in Nampt and NAM. Excess Nampt and NAM influx in proximal tubular cells of the kidney results in downregulation of NaPi-IIa and NaPi-IIc protein levels[32]. In addition, Nampt catalyzes conversion of NAM to NAD, which inhibits renal Na/Pi transport in response to metabolic stimuli, resulting in PHH with hyperphosphaturia[35].

ADVANTAGES OF HYPOPHOSPHATEMIA 
Search strategy
A literature review was performed on PubMed from inception till 11 January 2022 using a combination of search terms “hypophosphatemia” AND (“liver resection” OR “post-hepatectomy liver failure” OR “post-hepatectomy insufficiency”). The detailed search strategy is appended in Supplementary Material (Supplementary Table 1). We obtained a total of 65 studies, of which 10 studies reported impact of HP on outcomes following hepatectomy; 2 studies did not have full-text available and had insufficient data in the abstract and hence were not included in our review[36,37]. We included 8 studies which reported on the impact of PHH on post-operative outcomes[10-14,38-40]. Table 1 summarizes the study characteristics of all included studies. Table 2 summarizes the median phosphate levels and difference in post-operative outcomes following liver resection for both healthy liver donors and diseased patients with PHH vs normophosphatemia (NP). Where applicable, overall mean and standard deviation values were combined from individual subgroups using methods described by Altman et al[41]. Figure 2 is a schematic representation of the advantages and disadvantages of PHH on post-operative outcomes with their respective proposed pathophysiology.

Summary of evidence on PHH
Literature has shown benefits of PHH with improvement in recovery from post-hepatectomy liver failure (PHLF). A retrospective study by Hallet et al[10] in 2016 investigated on the impact of PHH on post-operative liver function and recovery in 402 patients who underwent hepatectomy. They investigated on initial liver insufficiency (ILI), which was defined as serum bilirubin > 50 μmol/L and INR > 1.7 within 5 d post-operatively; patients who had PHH were also more likely to have ILI compared to NP (n = 44/223 (19.7%) vs n = 20/179 (11.2%), P = 0.02). However, they showed that of all patients with ILI, more patients with HP recovered from ILI compared to those with NP (90.9% vs 65.0%, P = 0.03). 
Incidence of PHLF is reported to be 0.7%-35%, varying based on pre-operative liver function, underlying pathology and co-morbidities[42]. Definition of PHLF is controversial with lack of standardized definitions; the “50-50” criteria (serum bilirubin > 50μL/L and prothrombin time < 50% of normal on POD 5) was proposed by Balzan et al[43]. Consensus by the International Study Group of Liver Surgeries (ISGLS) in 2011 defined PHLF as post-operatively acquired deterioration in the ability of the liver (in patients with normal and abnormal liver function) to maintain its synthetic, excretory and detoxifying function, characterised by increase in the INR and hyperbilirubinemia on or after POD 5: Grade A (defined as abnormal laboratory values without change in clinical management), B (defined as requiring deviation from regular clinical management but without need for invasive treatment) and C (defined as requiring need for invasive treatment) has mortality of 0%, 12% and 54% respectively[44,45]. Intravenous phosphate replacement was given based on the serum phosphate levels in the study by Hallet et al[10] (Table 1). It is possible that more aggressive phosphate replacement in patients with PHH may have resulted in better improvement in ILI by creating influx of phosphate into hepatocytes to assist in liver regeneration[22]. Apart from liver (dys) function however, there was no difference in post-operative outcomes between PHH and NP in their study; there was no association between PHH and length of stay (PHH: median 7 (interquartile range (IQR) 6-10) d vs NP: median 7 (IQR 5-11) d, P = 0.55), morbidity (PHH: n = 13/223 (5.8%) vs NP: n = 12/179 (6.7%), P = 0.56) and mortality (PHH: n = 3/223 (1.3%) vs NP: n = 4/179 (2.2%), P = 0.50). It is important to note the definition of PHH defined in their study (PHH was defined as ≤ 0.65 mmol/L) correlates to moderate HP instead. Benefits of improved recovery from ILI in patients with PHH may only be seen in moderate or severe PHH, or due to more aggressive phosphate replacement in those subgroups.
Similar to the study by Hallet et al[10], Squires et al[13] demonstrated improved liver function with PHH. A retrospective study by Squires et al on 719 patients who underwent major hepatectomy showed that NP (defined as > 2.5 mg/dL or > 0.81 mmol/L) was associated with highest incidence of PHLF (12.3%), major complications (30.3%), 30 d mortality (6.5%) and 90 d mortality (7.1%), compared to moderate, severe or profound PHH[13]. Profound PHH had the lowest incidence of post-operative complications (PHLF: 3.4%, P = 0.008; major complications: 16.7%, P = 0.037; 30 d mortality: 0, P = 0.010; 90 d mortality: 3.4%, P = 0.166). Phosphate replacement was given based on surgeon discretion (n = 469/719, 69%). Multivariate analysis also showed that phosphate > 0.78 mmol/L on POD 2 is independently associated with significant risk of PHLF (Hazards ratio (HR) 1.78, 95% confidence interval (CI): 1.02-3.17, P = 0.048), major complications (HR 1.57, 95%CI: 1.02-2.47, P = 0.049), 30 d mortality (HR 2.70, 95%CI: 1.08-6.76, P = 0.031) and 90 d mortality (HR 2.51, 95%CI: 1.03-6.15, P = 0.044). Following hepatectomy, liver regeneration with hepatocyte proliferation and deoxyribonucleic acid synthesis begins immediately and is mostly completed after 72 h[46,47]. Failure to reach PHH suggest the lack of phosphate uptake for ATP synthesis in the liver, resulting in higher incidence of PHLF. This was supported by increased PHLF and mortality in patients who had phosphate nadir after POD3[13]. Unlike the study by Hallet et al[10] which showed increased PHLF, Squires et al[13] showed reduced PHLF with increased severity of PHH. This may be attributed to the patient selection in studies, where Squires et al[13] included patients with normal to profound PHH, whereas Hallet et al[10] only included patients with normal to moderate PHH. Severe and profound PHH may be more frequently seen in major hepatectomy in view of the extent of liver resection and burden on the regenerating liver. Failure to reach severe or profound PHH may indicate the liver’s inability for adequate regeneration, and hence, worse outcome with higher PHLF during the initial post-operative day[10].

DISADVANTAGES OF HYPOPHOSPHATEMIA
Hepatectomy for liver pathology 
The adverse effect of HP following hepatectomy was first shown by George and Shiu in 1992, where a retrospective study was conducted on 44 patients who underwent right or extended right hepatectomy[11]. They showed that severe HP (< 1.0 mg/dL, or < 0.32 mmol/L) was associated with increased major post-operative complications (cardiorespiratory n = 5, infections n = 4, haemorrhage n = 1, liver failure n = 1, P < 0.001). Protective effect of early phosphate replacement (P < 0.05) with fewer complications was also described, highlighting the importance of normalization of phosphate post-operatively. However, there is a lack of information on the extent of replacement and other outcome measures such as mortality.
Similarly, a retrospective study by Buell et al[14] in 1998 on 35 patients who underwent major hepatectomy and/or cryosurgery showed significantly higher post-operative complications (pancreatitis, pulmonary infections, gastrointestinal bleed, wound infection and ileus) in PHH compared to NP (HP: n = 17/21 (80%) vs NP: 4/14 (28%), P < 0.05)[14]. Length of hospital stay was 5 d longer (clinically but not statistically significant) in patients who had PHH compared to NP. Mortality was comparable between both PHH and NP. The authors defined PHH as phosphate < 0.81 mmol/L. Phosphate replacement was also initiated from POD 1 when phosphate < 0.97 mmol/L, with higher replacement in the PHH group compared to NP group. The authors noted a potential confounding factor responsible for HP in patients who underwent hepatectomy; use of antacid corresponded to PHH (P < 0.05). However, liver function (represented using aspartate aminotransferase as surrogate marker, HP: 462 U/L and NP: 440 U/L) was comparable. Cause of PHH may be due to the phosphate binding by antacids resulting in reduced phosphate absorption[48], rather than increased metabolic demands by regenerating liver, suggesting an improvement in liver function. While there is a correlation between PHH and increased morbidity and possibly length of stay, correlation does not equate to causation. Use of antacids may have resulted in PHH, and antacid use have been reported to result in post-operative ileus and predispose patients to pneumonia through airway colonisation[49,50]. Majority of patients who undergo hepatectomy are prescribed acid-suppressive therapy (H2 receptor antagonists or proton-pump inhibitors) for stress ulcer prophylaxis[51]. The use of antacids following hepatectomy is however not routine. Hence the results by Buell et al should not be generalized to all patients who undergo hepatectomy[14].

Living donor hepatectomy
It is important to analyse this subgroup of healthy patients who underwent liver donor hepatectomy. The physiology of healthy patients with normal liver function differs from diseased patients with malignancy and/or liver dysfunction. A study by Yuan et al in 102 living donors who underwent hemi-hepatectomy showed a negative correlation between nadir phosphate level and peak total bilirubin (r=-0.337, P = 0.001) and international normalized ratio (INR) (r=-0.293; P = 0.004)[40]. Positive correlation was observed between severity of PHH and PHLF (r = 0.549, P = 0.023). The deleterious effects of PHH on liver function may be due to the activation of matrix extracellular phosphoglycoprotein in injured liver, resulting in decreased phosphate influx into hepatocytes to sustain ATP synthesis[16]. Hence, PHH may be associated with worse liver function and increased incidence of PHLF following hepatectomy. The authors additionally showed that in patients with severe HP (≤ 1.0 mg/dL, or ≤ 0.32 mmol/L), use of intravenous phosphate replacement resulted in better hepatic function (incidence of PHLF in severe PHH with replacement n = 0/7 (0%), without replacement n = 6/12 (50%)). However, it is important to note that while correlation was obtained for phosphate severity with PHLF, the R2 value was 0.301 (not calculated in the study); only 30.1% of the variance may be explained by severity of HP on PHLF. In addition, unlike studies which examine the impact of PHH on hepatectomy in patients with underlying pathology (e.g., HCC, cholangiocarcinoma), the study population by Yuan et al[40] was on healthy living donors. Healthy living donors have NP; in contrary, patients who undergo hepatectomy may have underlying chronic liver disease which commonly presents with HP due to malnutrition and vitamin D deficiency[52]. Pre-operatively, however, phosphate levels were reported to be normal[13,14]. This may be due to unreported pre-operative nutrition optimisation and phosphate replacement, and may have resulted in improvement in post-operative liver regeneration, compared to healthy living donors. Hence, results by Yuan et al may not be applicable in majority of patients who undergo hepatectomy for underlying pathology[40]. Similarly, Serrano et al[38] who investigated 161 patients who underwent living donor hepatectomy showed that intraoperative time and low postoperative phosphate levels through the first 38 h were good predictors of liver insufficiency (defined as serum bilirubin > 3 mg/dL and/or INR > 1.7 on POD 5 or more) (area under curve 0.731, sensitivity 60%, specificity 75.5%, positive predictive value 14%, negative predictive value 96.6%)[38].
In contrary, Tan et al[39] in 2003 retrospectively reviewed 95 living donors who underwent right hepatectomy showed NP with mean phosphate of 2.6 mg/dL (0.84 mmol/L), 2.7 mg/dL (0.87 mmol/L) and 2.9 mg/dL (0.94 mmol/L) on POD 1 to 2, POD 3 and POD 4 respectively[39]. Intravenous or oral phosphate replacement was given based on their existing deficits. The authors failed to demonstrate that PHH was more frequent in the subgroup of patients with morbidity. Of patients who had morbidity (n = 8/95 (8.4%)), incidence of PHH was however, not more frequent. A possible explanation behind this lack of statistical significance is that none of the patients included had profound PHH unlike the study by Yuan et al[40]. To add on, it is worth noting that the morbidity reported by Tan et al[39] were surgical complications such as pneumothorax, incisional hernia, intravenous line complications requiring occupational therapy and right pleural effusion and atelectasis. These complications are general surgical complications which should not be attributed to PHH. We caution to draw any conclusion from their study on the impact of PHH on post-operative outcomes.

MANAGEMENT OF HYPOPHOSPHATEMIA FOLLOWING HEPATECTOMY
Phosphate replacement regimes have been suggested by various studies and reviews but no international consensus statements have been put in place for recommended phosphate replacement[3,53,54]; Table 3 summarizes the list of example of phosphate replacement formulations, recommended doses and special considerations to note. While phosphate replacement is required for HP, it is also prudent to avoid over-aggressive replacement of phosphate. Phosphate replacement may result in hypocalcemia, metastatic calcification from HP, hypotension, hyperkalemia (in the event where potassium-containing phosphate replacement is used), dehydration and acute kidney injury[55]. These deleterious effects are more often seen in intravenous replacement; intravenous replacement may result in precipitation of calcium resulting in hypocalcemia and renal failure due to calcium phosphate precipitation in kidneys, resulting in cardiac arrhythmias. Hence, oral route is the preferred route of administration for mild-moderate HP and for patients who are able to tolerate orally. Should intravenous phosphate be used, its rate should be limited to maximum of 20mmol/hour[56]. The extent of increase in serum phosphate and potassium have been demonstrated using calculated sodium potassium phosphate (Na2K5PO46) replacement, where infusion of Na2K5PO46 with calculated phosphate dose (in mmol) of 0.5 x body weight x (1.25 -[serum phosphate]) resulted in mean rise in phosphate of 0.38 ± 0.04 mmol/L and mean rise in potassium of 0.3 mmol/L[57]. Repeat serum phosphate should be rechecked at 2-12 h following completion of phosphate replacement. 
Similarly, for post-hepatectomy, there is no standardized regime for phosphate replacement. Table 1 summarizes the various phosphate replacement regimes and indications for replacement in existing studies for patients with PHH. Indications for phosphate replacement differed largely across the studies, with studies replacing phosphate only for severe PHH (< 1.0 mg/dL), vs studies which replace phosphate for < 3.0 mg/dL[14,40]. Nevertheless, the benefits of phosphate replacement has been described with reduced post-operative complications and improvement in liver function[11,40]. In view of the lack of standardized protocol for phosphate replacement in PHH, we suggest the use of the same regimen for phosphate replacement in HP (Table 3), with the use of oral replacement for mild-moderate PHH, and intravenous replacement for severe PHH or in critically ill patients.

PROGNOSTICATION OF POST-OPERATIVE COURSE FOLLOWING HEPATECTOMY
This summarized study and reviewed literature have shown equivocal evidence (Tables 1 and 2), with both benefits and disadvantages of PHH on incidence of PHLF and/or morbidity. However, exclusively for healthy patients with living donor hepatectomy, our literature review showed that these group of patients who had HP were more likely to have PHLF[13,40]. In contrary, patients with diseased liver (underlying malignancy and/or cirrhosis) who undergo hepatectomy may have improved liver regeneration and/or lower PHLF following hepatectomy, or have increase in post-operative morbidity[10,13,14]. This difference in outcome may be attributed to pre-operative nutritional optimisation and phosphate replacement in patients with diseased liver.
PHLF is a dreaded complication following hepatectomy with mortality risk; this is especially so in the context of patients with underlying cirrhosis and/or deranged liver function. Thus far, several studies have devised prognostic factors and prognostic scoring systems for the prediction of PHLF and mortality following hepatectomy[58-61]. Established predictive factors of PHLF include Albumin-Bilirubin score, prothrombin time and Child-Pugh score[58,60,61]. 
NP has been shown to increase incidence of PHLF; multivariate analysis by Squires et al[13] on 719 patients who underwent major hepatectomy showed that POD 2 phosphate > 2.4 mg/dL (0.78 mmol/L) was associated with higher PHLF (HR 1.78, 95%CI: 1.02-3.17, P = 0.048), major complications (HR 1.57, 95%CI: 1.02-2.47, P = 0.049), 30 d mortality (HR 2.70, 95%CI: 1.08-6.76, P = 0.031) and 90 d mortality (HR 2.51, 95%CI: 1.03-6.15, P = 0.044)[13]. Nevertheless, the evidence on the use of phosphate as a prognostic marker of PHLF is scarce, and more studies are required to demonstrate any correlation between phosphate and PHLF.

CONCLUSION
The pathophysiology behind PHH remains poorly understood. This review summarized existing literature investigating the impact of phosphate on post-operative outcomes following hepatectomy. However, definition of PHH is variable and majority of studies are retrospective with small sample size. Phosphate replacement regimes were not standardized across the studies. The heterogeneity of the reviewed studies limits our understanding of PHH on post-operative outcomes following hepatectomy. Nevertheless, PHH is a common phenomenon and it is important for clinicians to ensure adequate replacement in view of deleterious effects of PHH. Well-designed randomized controlled trials should be conducted to fill in the knowledge gap on the impact of phosphate levels and phosphate replacement in patients undergoing hepatectomy.
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Figure 1 Pathophysiology and etiology outlining hypophosphatemia. 1,25(OH)2D: 1,25 dihydroxyvitamin D; 25OHD: 25-hydroxyvitamin D; FGF-23: Fibroblast growth factor-23; NAD: Nicotinamide adenine dinucleotide; NAM: Nicotinamide; Nampt: Nicotinamide phosphoribosyltransferase; PTH: Parathyroid hormone.
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Figure 2 Schematic diagram summarizing the postulated pathophysiology of the impact of post-hepatectomy hypophosphatemia on post-operative outcomes, as well as summary of the advantages (green) and disadvantages (blue) of post-hepatectomy hypophosphatemia in existing literature on post-operative outcomes. PHLF: Post-hepatectomy liver failure.



Table 1 Summary of study characteristics of all included studies in the literature review
	No
	Ref.
	Definition of HP
	PHH, n (%)
	NP, n (%)
	Type of liver resection (%)
	Histopathology (%)
	Post-operative phosphate replacement regime
	Phosphate replacement, n (%)

	[bookmark: _Hlk100006061]1
	Buell et al[14], 1998
	< 2.5 mg/dL
	21/35 (60)
	14/35 (40)
	Major hepatectomy (NR); Cryosurgery (NR)
	CRLM: 8 (23) HCC: 4 (11) Others: 23 (66) 
	For phosphate < 3.0 mg/dL: sodium phosphate or potassium phosphate HP: mean of 15mmol/d on POD1, to 25mmol/d on POD3 NP: mean of 5mmol/d
	NR

	2
	George et al[11], 1992
	NR
	44/44 (100)
	0
	Right hepatectomy and extended right hepatectomy 
	NR
	NR
	NR

	3
	Giovannini et al[12], 2002
	Normal: > 2.5 mg/dL; Mild-moderate: 1.6-2.5 mg/dL; Severe: < 1.5 mg/dL
	38/59 (64.4)
	21/59 (35.6)
	Major hepatectomy (58); Minor hepatectomy (42)
	CRLM: 10 (17) ICC: 7 (12) HCC: 16 (27) GBC: 2 (3) Others: 24 (41)
	If > POD3 and oral feeding cannot be resumed: parenteral phosphate (fructose 1-6 diphosphate or potassium phosphate) at 20-50 mM/d
	NR

	4
	Hallet et al[10], 2016
	≤ 0.65 mmol/L
	223/402 (55.5)
	179/402 (44.5)
	Major hepatectomy (52) Minor (48) Hepatectomy
	CRLM: 260 (65) ICC: 53 (13) HCC: 27 (7)
Others: 62 (15)
	Based on serum phosphate: Intravenous potassium phosphate or sodium phosphate
	NR

	5
	Serrano et al[38], 2019
	[bookmark: OLE_LINK64][bookmark: OLE_LINK65]Normal: > 2.5 mg/dL; Mild: 1.6-2.5 mg/dL; Moderate: 1.0-1.5 mg/dL; Severe: < 1.0 mg/dL
	161
	Living donor hepatectomy
	NA
	Elemental phosphate based on phosphate levels: < 1.1 mg/dL: 25 mmol 1.1-1.9 mg/dL: 20 mmol 2.0-2.3 mg/dL: 15 mmol 2.4-2.7 mg/ dL: 10 mmol
	NR

	[bookmark: OLE_LINK58][bookmark: OLE_LINK59]6
	[bookmark: OLE_LINK60][bookmark: OLE_LINK61]Squires et al[13], 2014
	Normal: > 2.5 mg/dL; Mild: 1.6-2.5 mg/dL; Moderate: 1.0-1.5 mg/dL; Severe: < 1.0 mg/dL
	488/719 (67.9)
	231/719 (32.1)
	Extended left hepatectomy (6) Extended right hepatectomy (20) Left hemihepatectomy (23) Right hemihepatectomy (39) Central hepatectomy (2) Non-anatomical (10)
	CRML: 229 (32) HCC: 69 (9) ICC: 88 (12) Metastatic NET: 34 (5) Other: 299 (42)
	Discretion of surgeon 
Median replacement: 55 mmol (range 10-170 mmol)
	469 (69) 

	7
	Tan et al[39], 2003
	Normal: > 2.5 mg/dL; Moderate: 1.5-2.5 mg/dL; Severe: 1.0-1.5 mg/dL; Profound: < 1.0 mg/dL
	89/95 (93.7)
	6/95 (6.3)
	Right-lobe living donor hepatectomy: Right hepatectomy (94); Left lateral segmentectomy (5); Left lobectomy (11)
	NA
	Based on phosphate deficit: intravenous or oral phosphate
	NR

	8
	Yuan et al[40], 2010
	Normal: > 2.5 mg/dL; Mild: 1.5-2.5 mg/dL; Moderate: 1.0-1.5 mg/dL; Severe: < 1.0 mg/dL
	Overall: 100/102 (98) Mild: 56/102 Moderate: 25/102 Severe: 19/102
	2/102 (2)
	Living donor hemi-hepatectomy
	NA
	Severe HP: Intravenous phosphate
	7/19 (36.8) 


All categorical variables are expressed as n (%). CRLM: Colorectal liver metastasis; GBC: Gallbladder carcinoma; HCC: Hepatocellular carcinoma; ICC: Intrahepatic cholangiocarcinoma; ILI: Initial liver insufficiency; INR: International normalized ratio; LOS: Length of stay; NA: NET: Neuroendocrine tumor; Not applicable; NP: Normophosphatemia; NR: Not reported; PHH: Post-hepatectomy hypophosphatemia; PHLF: Post-hepatectomy liver failure.
 
Table 2 Summary of laboratory values and post-operative outcomes comparing patients with post-hepatectomy hypophosphatemia and normophosphatemia
	
	
	Mean nadir phosphate, mg/dLa
	Mean INRa
	Length of stay, d
	Post-hepatectomy liver failure
	Any morbidity
	30 d mortality

	No
	Ref.
	PHH
	NP
	P value
	PHH
	NP
	P value
	PHH
	NP
	P value
	PHH
	NP
	P value
	PHH
	NP
	P value
	PHH
	NP
	P value

	[bookmark: OLE_LINK66][bookmark: OLE_LINK67]1
	Buell et al[14], 1998
	2.1 ± 0.1b 
	3.0 ± 0.2b 
	< 0.05
	NR
	16.22 ± 12.09
	11.22 ± 7.03
	NR
	NR
	17/21 (81)
	4/14 (29)
	< 0.05
	1/21 (5)
	0/14 (0)
	NR

	2
	George et al[11], 1992
	NR
	NR
	NR
	1/44 (2)
	0/0
	NA
	11/44 (25)
	0/0 (0)
	NA
	NR

	3
	Giovannini et al[12], 2002
	1.7 ± 0.8 (POD3)
	NR
	NR
	NR
	NR
	Mild-moderate: 4/23 (17) Severe: 9/15 (60)
	3/21 (14)
	< 0.001c
	Mild-moderate: 1/23 (4) Severe: 3/12 (20)
	1/21 (5)
	NR

	4
	Hallet et al[10], 2016
	1.52 ± 0.31d 
	2.72 ± 0.74d
	< 0.01
	1.51 ± 0.37
	1.53 ± 0.91
	0.83
	7 (6-10)
	7 (5-11)
	0.55
	44/223 (19.7)
	20/179 (11.2)
	0.02
	Major morbidity: 13/223 (5.8)
	Major morbidity: 12/179 (6.7)
	0.56
	9/223 (4.0)
	4/179 (2.2)
	0.31

	5
	Serrano et al[38], 2019
	2.00e (recorded at median 1.6 d post-operatively)
	NR
	7.2 ± 3.4e
	NR
	10/161 (6.2)
	NR
	Any morbidity > 30 d: 19/161 (11.8)
	NR
	NR

	6
	Squires et al[13], 2014
	2.2 [1.7-2.8]
	NR
	NR 
	[bookmark: OLE_LINK68][bookmark: OLE_LINK69]Moderate: 8.0% Severe: 8.5% Profound: 3.4%f
	12.3%f
	0.008
	[bookmark: OLE_LINK70][bookmark: OLE_LINK71]Major morbidity: Moderate: 20.1% Severe: 19.5% Profound: 16.7%f
	30.3%f
	0.037
	Moderate: 3.8% Severe: 2.8% Profound: 0%
	6.5%
	0.010

	7
	Tan et al[39], 2003
	2.6 (range 1.3-5.0)
	NR
	NR
	NR
	NR
	Any morbidity: 8/95 (8.4)
	NR
	NR

	8
	Yuan et al[40], 2010
	1.89 ± 0.72 (POD3)
	NR
	 Mild: 1.51 ± 0.26 Moderate: 1.43 ± 0.19 Severe: 1.95 ± 0.40
	NR
	< 0.001g
	NR
	14/100 (14)
	0/2 (0)
	NR
	NR
	NR


aValues are reported on post-operative day 2 unless otherwise specified.
bValues described here excluded patients who received cryosurgery; the study included cohort of patients who received both major hepatectomy and cryosurgery.
cComparing severe PHH (< 1.5 mg/dL) with other range of phosphate values.
dValues were reported in mmol/L in the original study and subsequently converted to mmol/L for standardization.
eOverall mean and SD was calculated through the combination of mean and SD from patients who had liver insufficiency and those without using methods described by Michael et al[37].
fExact values of patients with normal, moderate, severe and profound post-hepatectomy hypophosphatemia (PHH) were not provided in the study. 
gComparing between each subgroup of PHH. All categorical variables are expressed as n (%), and all continuous variables are expressed in median (range), median [IQR], or mean ± SD unless otherwise specified. NA: Not applicable; NP: Normophosphatemia; NR: Not reported; PHH: Post-hepatectomy hypophosphatemia; POD: Post-operative day; SD: Standard deviation.


Table 3 Summary of phosphate replacement regimes for hypophosphatemia
	Indications
	Formulation
	Route of administration
	Composition
	Recommended dosage
	Special considerations

	Mild hypophosphatemia (0.65-0.81 mmol/L)
	Phospho-soda (C.B. Fleet Company, Virginia)
	Oral
	180mg Na2HPO4 • 7H2O + 480 mg NaH2PO4 • H2O/mL Phosphate: 4.150 mmol/mL Sodium: 4.822 mEq/mL Potassium: 0
	1000mg/d
	Chronic renal failure / reduced glomerular filtration rate: to use half of recommended initial dose Causes diarrhoea 

	
	Phospha 250 Neutral (Rising Pharmaceuticals, Inc., United States)
	Oral
	Elemental phosphorus 250 mg (8 mmol), Sodium 298 mg (13 mEq), and Potassium 45 mg (1.1 mEq)
	
	

	Moderate hypophosphatemia (0.32-0.65 mmol/L)
	Not on ventilator
	Phospho-soda (C.B. Fleet Company, Virginia)
	(same as above)
	(same as above)
	If ≥1.5 mg/dL: 1 mmol/kg of elemental phosphorus (minimum of 40 mmol and a maximum of 80 mmol) in 3-4 doses over 24 h If < 1.5 mg/dL: 1.3 mmol/kg of elemental phosphorus (maximum of 100 mmol) in 3-4 doses over 24 h
	(same as above)

	
	On ventilator
	Sodium phosphate (Abbott Laboratories, North Chicago, Illinois)
	Intravenous
	142 mg Na2HPO4 + 276 mg NaH2PO4 • H2O/mL Phosphate: 3.0 mmol/mL Sodium: 4.0 mEq/mL
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]0.08 mg/kg over 2-6 h if recent and uncomplicated HP 0.16 mg/kg over 2-6 h if prolonged and has multiple causes Maximum of 20 mmol/h
	Chronic renal failure / reduced glomerular filtration rate: to use half of recommended initial dose

	
	
	Potassium phosphate (Invenex Pharmaceuticals, Grand Island, New York)
	
	236 mg K2HPO4 + 224 mg KH2PO4/mL Phosphate: 3.003 mmol/mL 4.360 mEq/mL
	
	Chronic renal failure / reduced glomerular filtration rate: to use half of recommended initial dose To avoid if potassium > 4mmol/L

	Severe hypophosphatemia (< 0.32 mmol/L) / Critically ill patients, or with severe complications of hypophosphatemia
	Sodium phosphate or potassium phospahte
	(same as above)
	(same as above)
	0.08-0.16 mg/kg over 2-6 h
	(same as above)
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