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Abstract
Background—Postoperative hypophosphatemia is common and is associated with a lower risk
of liver failure after hepatectomy but higher morbidity after pancreatectomy. Whether different
physiologic mechanisms underlie the hypophosphatemia associated with these very different
clinical outcomes is unclear. This study aims to evaluate the underlying mechanism in
postoperative hypophosphatemia.
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Study designs—We prospectively enrolled 120 patients who underwent major hepatectomy
(n=30), minor hepatectomy (n=30), pancreatectomy (n=30), and laparotomy without resection
(control group, n=30). Preoperative and postoperative serum and urinary phosphorus, calcium, and
creatinine, as well as phosphaturic factors, including serum nicotinamide
phosphoribosyltransferase (NAMPT), fibroblast growth factor-23 (FGF-23), and parathyroid
hormone (PTH) were measured. In addition, we evaluated urinary levels of nicotinamide
catabolites, N-methyl-2-pyridone-5-carboxamide (2-PY) and N-methyl-4-pyridone-3-carboxamide
(4-PY).
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Results—We found that significant hypophosphatemia occurred from postoperative day (POD)
to POD2 in all 4 groups were preceded by hyperphosphaturia from preoperative day to POD1.
Phosphate level alterations were associated with a significant increase in NAMPT levels from
preoperative day to POD2 in all 3 resected groups but not in the control group. FGF-23 levels were
significantly decreased postoperatively in all 4 groups while PTH levels did not change in any of
the 4 groups. Urine levels of 2-PY and 4-PY significantly decreased in all 4 groups
postoperatively.
Conclusions—This study demonstrates that the mechanism of hypophosphatemia is the same
for both liver and pancreas resections. Postoperative hypophosphatemia is associated with
increased NAMPT. The mechanism that upregulates NAMPT and its role on disparate clinical
outcomes in postoperative patients warrant further investigation.
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INTRODUCTION
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Hypophosphatemia has been reported after several types of operations and is associated with
increased morbidity and mortality, but the underlying mechanisms involved remain
uncertain1–3. Following partial hepatectomy, the absence of hypophosphatemia or lack of
early nadir is associated with increased rates of liver insufficiency and increased 30-day
mortality4–6. However, following pancreatectomy, the presence of hypophosphatemia is
linked to higher rate of postoperative complications including pancreatic leaks and abscess
formations7. Given their differences in clinical implication, the role of postoperative
phosphate alteration and its underlying mechanism warrant investigation.
Phosphate participates in several critical biological processes, including signal transduction
and energy transfer, and alterations in its homeostasis are often linked to serious
complications such as respiratory failure, arrhythmias, renal insufficiency, and metabolic
acidosis3. The pathophysiology of postoperative hypophosphatemia is likely multifactorial.
Phosphate levels are regulated by a network of various organs, including bone, parathyroid
glands, small intestine, liver, and kidneys8. For years, it was believed that in patients
undergoing hepatectomy, liver regeneration and subsequent increased hepatic uptake of
phosphate were responsible for the phosphate depletion9–11. However, increased urinary
phosphate excretion is also observed, suggesting that renal mechanisms of phosphate
handling play an important role in the development of postoperative
hypophosphatemia3, 12, 13.
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Several phosphaturic factors, including parathyroid hormone (PTH) and fibroblast growth
factor 23 (FGF-23), have been proposed as potential mediators of postoperative
phosphaturia3, 12, 13. More recently, a novel phosphaturic factor, nicotinamide
phosphoribosyltransferase (NAMPT), was also investigated as a mediator of
hypophosphatemia after hepatectomy in rats14. NAMPT is the rate-limiting enzyme in the
metabolic pathway converting nicotinamide (NAM) to nicotinamide adenine dinucleotide
(NAD), an essential coenzyme in many cellular redox reactions such as those involved in
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DNA repair and regulation of cellular energy metabolism15–18. A 70% partial hepatectomy
in rats results in an increased expression of NAMPT in the kidney cortex and systemic
circulation14. These changes were associated with a decreased expression of sodiumdependent phosphate transporters in the renal proximal tubules, thereby causing
hyperphosphaturia and hypophosphatemia14.
Based on the experimental finding, this prospective study was initiated to test the hypothesis
that NAMPT is a key factor in the metabolic pathway responsible for hypophosphatemia in
patients following hepatectomy, but a different mechanism in patients following
pancreatectomy given different clinical outcomes. We characterized the effect of surgery on
serum and urinary phosphate and several phosphaturic factors, including NAMPT, FGF-23,
and PTH, as well as on urinary catabolites of nicotinamide, including N-methyl-2pyridone-5- carboxamide (2-PY) and N-methyl-4-pyridoen-3-carboxamide (4-PY).
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PATIENTS AND METHODS
Study patients
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After approval by the Institutional Review Board at Memorial Sloan Kettering Cancer
Center (MSKCC), 120 consecutive and eligible patients who underwent open operations for
liver and pancreas tumors were prospectively enrolled in the study from August 2015 to
September 2016. We obtained written informed consent from each patient, and the study
protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The
patients were divided in 4 groups of 30 patients each: major hepatectomy, minor
hepatectomy, pancreatectomy, and control. Major hepatectomy was defined as a resection of
≥3 Couinaud's segments, whereas minor hepatectomy was defined as a resection of <3
segments. Pancreatectomy included patients who underwent pancreatoduodenectomy,
central pancreatectomy, or distal pancreatectomy with splenectomy. Control patients were
those who were deemed unresectable prior to or during exploratory laparotomy, and who
had biopsies with or without placement of a hepatic artery infusion pump for regional,
hepatic arterial chemotherapy. Control patients did not undergo any resection of liver or
pancreas tissue other than biopsies in some cases. All patients in this study underwent
elective open surgery. Laparoscopic and robotic operations were excluded to eliminate the
potential effects of minimally invasive surgery on electrolyte alterations.
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All patients enrolled in this study were ≥18 years of age and had preoperative glomerular
filtration rates (GFR) of >60ml/min/1.73m2 as calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula19. All eligible patients, based on planned
surgery, age, and GFR, were approached for consent to this prospective protocol. Patients
were then placed into one of the 4 groups based on their actual surgical interventions.
All patients had blood and urine collected from the morning prior to surgery until
postoperative day (POD) 4. Patients discharged prior to POD4 were excluded and replaced
by additional patients. Those who remained hospitalized until POD7 had laboratory results
documented for analysis but tests after POD4 were not required for inclusion in the study.
Patients who required repeat operation for any reason during the study period were also
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excluded and replaced, given the likely confounding effects of additional surgery on
electrolyte alterations.
After surgery, all patients received standard postoperative care and were advanced to a
regular diet as tolerated prior to discharge. Intravenous phosphate supplementation was
administered by the primary surgical team as needed to replace deficits noted on routine
laboratory studies. In addition, intravenous fluids were given per routine care. Patients
generally received lactated ringer’s solution postoperatively and were then switched to
dextrose 5% in 1/2 normal saline + 20 mEq/L potassium chloride for maintenance fluid on
POD1 onward. Neither solutions contained phosphate.
Serum and urine tests

Author Manuscript

Serum and urine were collected and analyzed (Fig. 1A). On the day of the operation prior to
incision, on POD 1 to 5, and POD 7, patients had daily serum phosphorus and calcium as
well as spot urine phosphorus, calcium, and creatinine tested. Serum creatinine was tested
any day within the 30 days prior to operation and also on POD 1 to 5, and POD7. In
addition, prior to incision and on POD 2 and 4, patients had serum levels of intact PTH
tested and additional blood and urine collected for further analysis.
Five milliliters (mL) of peripheral blood and 30mL of urine were collected on preoperative
day, POD2, and POD4. Peripheral blood samples collected in plain tubes and then
centrifuged at 1000g for 5 minutes, and 1 mL of serum from the supernatant was aliquoted
to a new tube. Both serum and urine samples were stored at −80°C until further analysis.
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NAMPT levels were analyzed from serum samples using an extracellular NAMPT
(eNAMPT) enzyme-linked immunosorbent assay (ELISA) kit per manufacturer’s
instructions (Adipogen Corp, San Diego, CA). FGF-23 levels in the serum were also
analyzed using a full length FGF-23 ELISA kit according to the manufacturer’s protocol
(Kainos Laboratories, Japan). Urine samples were used to measure the NAM metabolites, 2PY and 4-PY, using a diethyl ether extraction method as previously described by Shibata20.
After urinary metabolites were extracted, both 2-PY and 4-PY were simultaneously
measured by high performance liquid chromatography (HPLC) in the MSKCC Cell
Metabolism Core Laboratory. Additional details of 2-PY and 4-PY extraction and HPLC
measurements are described (eDocument1), and an example of HPLC curves generated is
shown (eFigure 1). The involvement of NAMPT in NAM metabolism and 2-PY and 4-PY as
urinary end products are shown (Fig. 1B).
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Serum and urine levels of phosphorus, calcium, and creatinine as well as serum level of PTH
were tested by the Department of Laboratory Medicine at MSKCC. Urinary levels of spot
phosphorus, calcium, 2-PY, and 4-PY were adjusted for urinary creatinine to account for
differences in urine volume. Fractional excretion of phosphorus (FEPi) as percentage was
calculated by (urine phosphorus/serum phosphorus) × (serum creatinine/urinary creatinine)
× 100 from daily spot collections12, 21. All tests were performed on all 120 patients except
FGF-23 (Fig. 1A). Testing of only 33 patients for FGF-23 levels was deemed statistically
adequate for the study.
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Patient information was obtained prospectively, including patient demographics, body mass
index (BMI), preoperative chemotherapy status, perioperative laboratory results, and details
of the surgical intervention and pathological diagnosis.
Statistical analysis
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Categorical variables were presented using frequency and percentage, and compared using
Fisher’s exact test. Continuous variables were presented using the median with the first and
third interquartile range (IQR) for all laboratory results and the entire range for all other
variables. The Wilcoxon matched-paired signed rank test was used to compare laboratory
results at 2 time points whereas the Kruskal-Wallis test was used to compare other
continuous variables between more than 2 groups. P values < 0.05 from two-sided tests were
considered statistically significant. Statistical analyses and figures were generated using
GraphPad Prism (GraphPad Software, CA) and R version 3.2.2 (cran.r-project.org).

RESULTS

Author Manuscript

A total of 120 patients who underwent open major hepatectomy, minor hepatectomy,
pancreatectomy, or laparotomy without resection were enrolled. Patient demographics,
operative and tumor diagnosis are reported (Table 1). Approximately half of the patients
who underwent major and minor hepatectomy as well as those in the control group had
colorectal liver metastasis. The majority of patients who underwent partial pancreatectomy
had either pancreatic ductal adenocarcinoma or pancreatic neuroendocrine tumor. Use of
preoperative chemotherapy, operative blood loss, Pringle time (hepatic pedicle occlusion
during partial hepatectomy), operative time, and length of hospital stay were statistically
different among 4 groups.
Hypophosphatemia occurred in the majority of patients in all 4 groups on POD2, ranging
from 77% in patients who underwent minor hepatectomy to 93% in patients who underwent
major hepatectomy. Percent of patients who received phosphate supplements and dosage on
POD2 were not significantly different among the 4 groups. In addition, patients who
received phosphate supplements on POD2 did not result in significantly different POD3
phosphate level compared to those who did not receive phosphate supplements in all 4
groups (eFigure 2).
Hypophosphatemia was preceded by hyperphosphaturia postoperatively
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Serum phosphorus levels significantly decreased from POD1 to POD2 in major hepatectomy
(3.9 to 1.9 mg/dL, p<0.001), minor hepatectomy (4.1 to 1.7 mg/dL, p<0.001),
pancreatectomy (4.1 to 2.0 mg/dL, p<0.001), as well as in the control group (3.1 to 1.9
mg/dL, p<0.001) (Fig. 2A). The severity of hypophosphatemia among the 4 groups was not
significantly different on POD2 (p=0.534). Serum phosphorus levels between POD1 and
POD3 were also significantly different in all 4 groups (all p<0.001).
Hypophosphatemia was preceded by a significant increase in fractional excretion of
phosphorus from preoperative day to POD1 in major hepatectomy (7.4 to 27.2, p<0.001),
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minor hepatectomy (6.9 to 30.4, p<0.001), pancreatectomy (7.6 to 37.1, p<0.001), and the
control cohort (7.8 to 33.2, p<0.001) (Fig. 2B). Patients who underwent pancreatectomy had
the highest levels of hyperphosphaturia on POD1, which were significantly higher than both
major and minor hepatectomy groups (p=0.007 and p=0.019, respectively).
Hypophosphatemia was associated with increased NAMPT
Serum NAMPT levels were significantly increased from preoperative day to POD2 in major
hepatectomy (1.6 to 3.5 ng/mL, p=0.007), minor hepatectomy (1.5 to 2.6, p=0.006), and
pancreatectomy patients (0.9 to 2.5 ng/mL, p<0.001), but not in the control group (1.5 to 1.8
ng/mL, p=0.077) (Fig. 3A).
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FGF-23 levels were measured in a representative sampling of all groups (n=33) since the
levels were all significantly decreased postoperatively in a pilot analysis (Fig. 3B). FGF-23
decreased from preoperative day to POD2 in major hepatectomy (24 to 8, p=0.008, n=8),
minor hepatectomy (21 to 8, p=0.008, n=8), pancreatectomy (26 to 12, p=0.004, n=9), and
control group (17 to 7, p=0.008, n=8). No additional measurements were performed because
the decreased level of the phosphaturic factor FGF-23 on POD2 suggested that it was not
involved in the development of hypophosphatemia in these patients.
PTH did not appear to be involved in postoperative hypophosphatemia, as the levels did not
significantly change perioperatively (Fig. 3C). Transient postoperative hypocalcemia
(eFigure 3A) may cause secondary hyperparathyroidism that would cause phosphaturia, but
PTH levels did not increase postoperatively. Postoperative hypocalcemia resulted in
physiologically appropriate reduction in postoperative urinary calcium/creatinine levels,
leading to decreased urinary calcium losses (eFigure 3B).
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Decreased urinary levels of nicotinamide catabolites after surgery
Metabolites of nicotinamide are normally excreted in urine in the form of 2-PY and 4-PY.
Both urinary levels of 2-PY and 4-PY decreased postoperatively in all 4 groups (Fig. 4A and
Fig. 4B, 13 respectively). 2-PY decreased from preoperative day to POD2 in major
hepatectomy (61 to 26, p=0.001), minor hepatectomy (88 to 34, p<0.001), pancreatectomy
(143 to 40, p<0.001), and in the control group (110 to 35, p<0.001). Similarly, 4-PY
decreased from preoperative day to POD2 in major hepatectomy (5.8 to 3.8, p=0.008), minor
hepatectomy (9.2 to 4.1, p<0.001), pancreatectomy (15.7 to 5.2, p<0.001), and in the control
cohort (12.8 to 3.9, p<0.001).
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Most patients in all 4 groups had a serum creatinine within the normal range of 0.6–1.3
mg/dL during their hospitalization (eFigure 4). Only 4 patients (3%) had elevated
postoperative serum creatinine, ranging from 1.4 to 2.1 mg/dL. Thus, postoperative
electrolyte alterations were not likely secondary to acute kidney injury.

DISCUSSION
In this study, we observed that hypophosphatemia occurred in majority of patients following
liver and pancreas resection, as well as those with open laparotomy without resection. Our
prior large retrospective studies showed that hypophosphatemia was associated with

J Am Coll Surg. Author manuscript; available in PMC 2018 October 01.

Zheng et al.

Page 7

Author Manuscript

improved outcome following hepatectomy but worse outcome following pancreatectomy4, 7.
Given the striking differences in the clinical implications, we hypothesized that the
underlying mechanism of hypophosphatemia in hepatectomy would be different from that in
pancreatectomy. Thus, we initiated this prospective study to characterize the alterations in
serum and urine phosphate as well as potential phosphaturic factors in patients following
different operations. However, the results of the present study show that the mechanism of
hypophosphatemia was the same for both liver and pancreas resection. Postoperative
hypophosphatemia was preceded by hyperphosphaturia in all 4 cohorts, and that
hypophosphatemia was associated with increased serum levels of NAMPT postoperatively in
resected cohorts.
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NAMPT is a novel phosphaturic factor that downregulates expression of sodium-dependent
phosphate transporters type IIa and IIc in the renal tubule following major hepatectomy in
rats14. NAM also decreased phosphate uptake in both kidneys and intestines14, 22. In
addition to being a phosphaturic factor, NAMPT also catalyzes the biosynthesis of NAD+
from NAM, and NAD+ is an essential coenzyme in many metabolic pathways such as those
involved in DNA repair and immune modulation15–18, 23. A recent study showed that
NAMPT and NAD biosynthesis were crucial in liver regeneration after resection in mice24.
NAMPT has also been implicated in several metabolic disorders. Increased levels of
NAMPT have been associated with obesity, type 2 diabetes mellitus, nonalcoholic fatty liver
disease, Parkinson’s disease, and several cancers, including breast, gastric, and colorectal
cancer16, 25–29.
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Most of the patients in our study underwent hepatectomy or pancreatectomy for cancer.
NAMPT levels associated with increased cancer metabolism would expect to decrease after
resection of the tumor, but their increased levels postoperatively suggest a greater impact of
increased cellular metabolism and inflammation from the stress of open surgery. NAMPT
expression and NAD metabolism have been shown to be upregulated with immune cell
activation and synthesis of inflammatory cytokines including tumor necrosis factor, and the
introduction of NAMPT inhibitor can reduce inflammatory response30. We speculate that
inflammatory changes and increased cellular metabolism associated with surgery,
independent of type of resection, may be the initial event that leads to the postoperative
increase in NAMPT. NAMPT then not only stimulates NAM metabolism but also acts as a
phosphaturic factor, leading to hyperphosphaturia and hypophosphatemia14, 15. The
underlying mechanism that upregulates NAMPT postoperatively and its source remained to
be elucidated. The expression of NAMPT in renal cortex increases in rats following partial
hepatectomy14. However, we were not able to test whether the kidney is also the source of
NAMPT in humans since it would not be feasible or ethical to obtain healthy kidney
biopsies perioperatively to assess its cortical levels.
Patients in the control group also had an increasing trend in the NAMPT levels. However,
this did not reach statistical significance and therefore the increased phosphaturia and
hypophosphatemia observed in this group is unlikely to be the result of altered NAM
metabolism. Additional mechanisms not examined here may be responsible for
hypophosphatemia in the control group. We believe that the open surgical intervention itself,
even without liver or pancreas resection, may be sufficient to trigger similar inflammatory
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and metabolic changes leading to hypophosphatemia. Other proinflammatory cytokines such
as tumor necrosis factor and interleukin-6 have found to correlate with hypophosphatemia
during early sepsis, and this similar inflammatory response may also occur with open
surgery31.
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One limitation of this study is that we measured the extracellular NAMPT (eNAMPT) in the
serum, but the intracellular NAMPT (iNAMPT) was previously identified to downregulate
the sodium-dependent phosphate transporter14. Since it was not feasible to obtain
postoperative kidney biopsies in patients, we used eNAMPT as a surrogate marker. NAMPT
is ubiquitously expressed in nearly all organs and tissues but mostly concentrated
intracellularly in the cytoplasm and nucleus16, 32. However, small amounts of NAMPT are
released extracellularly and may serve as an enzyme or cytokine, although a specific
receptor has not been identified16, 33. It has been shown that eNAMPT is secreted following
cellular stress and inflammatory stimuli, and that many clinical studies on the role of
NAMPT in different cancers and metabolic disorders also utilized eNAMPT as a surrogate
marker32. The relative concentration of eNAMPT and iNAMPT is also unclear. In one study,
it was shown that melanoma release eNAMPT that corresponds to only 1% of the levels of
iNAMPT34, and that both eNAMPT and iNAMPT are increased in chronic lymphocytic
leukemia35. Thus, the concentration of eNAMPT likely correlates to that of iNAMPT; and
therefore, could be used as a surrogate for the relative concentration of iNAMPT over the
perioperative period.
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In the rat study by Nomura et al, increased NAMPT levels in the kidney following partial
hepatectectomy were associated with increased urinary excretion of the NAM catabolites, 2PY and 4-PY14. In our study, however, we observed a significant decrease in urinary 2-PY
and 4-PY in all 4 of the groups studied. 2-PY and 4-PY are end products from the
metabolism of NAM into N1- methylnicotinamide (MNA), which then is catalyzed by MNA
oxidase into 2-PY and 4-PY18, 36. 2-PY and 4-PY were thought to increase with NAD
utilization such as during tissue stress and increased energy expenditure36. Physical stress
such as cold exposure has been shown to increase the excretion of 2-PY and 4-PY in
humans36. On the other hand, depression and excess fatigue in rats result in decreased
excretion of 2-PY and 4-PY in rats37.
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There are some possibilities to explain our findings in 2-PY and 4-PY excretion. It has been
proposed that excess NAM and its catabolites are released from the liver and then excreted
into the kidney in rats after partial hepatectomy14. One possibility is that humans may have a
greater reserve than rats to continue biosynthesis of NAD from NAM, while NAD continues
to be utilized with increasing postoperative metabolic demands. Thus, there would not be an
excess of NAM for renal excretion in human, unlike in rats14. Another possibility, which is a
limitation of this study, is that all of our tests were performed from one time point collection
of blood or urine each day. Shibata et al showed that there was a diurnal variation in
excretion of 2-PY and 4-PY, such that urinary output was higher during the day than at
night36. The time of the day at which when we obtained specimens from our patients may
have affected our results, but this possibility is unlikely a major factor since most of our
patients had their blood and urine collected in the morning each day during routine clinical
collections.

J Am Coll Surg. Author manuscript; available in PMC 2018 October 01.

Zheng et al.

Page 9

Author Manuscript
Author Manuscript

In addition to evaluating the role of abnormal NAM metabolism in postoperative
hypophosphatemia, we also examined other phosphaturic factors. We found that FGF-23 and
PTH obtained on POD2 were not responsible for postoperative hypophosphatemia, but we
are limited in our conclusion given lack of tests on POD1. Prior smaller studies also were
not able to conclude the participation of FGF-23 and PTH on postoperative
hypophosphatemia12–14. Aside from the effects of phosphaturic factors, hypophosphatemia
may also be secondary to intravenous glucose infusion, which can shift phosphate
intracellularly3. In our study, patients received routine intravenous fluid per primary surgical
team, which are generally dextrose 5% in 1/2 normal saline + 20 mEq/L potassium chloride
as maintenance fluid on POD1 onward while they were off diet. However, this transcellular
shift would be transient and would not cause excess phosphate in the circulation to be
excreted into urine. In contrast, glucose infusion would reduce phosphaturia, hence it would
not be a likely mechanism of postoperative hyperphosphaturia and hypophosphatemia that
we observed38.
In conclusion, we found that urinary phosphate wasting contributed to postoperative
hypophosphatemia in patients following liver and pancreas resection, as well as those with
open laparotomy without resection. Postoperative hypophosphatemia in the resected cohorts
was associated with alterations in NAMPT and NAM catabolites. The involvement of NAM
metabolism in postoperative hypophosphatemia and associated complications warrant
additional investigation. Further understanding of this mechanism and potential targeting of
NAMPT may mitigate hypophosphatemia related complications.
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POD

postoperative days

NAMPT

nicotinamide phosphoribosyltransferase

FGF-23

fibroblast growth factor-23

PTH

parathyroid hormone

2-PY

N-methyl-2-pyridone-5-carboxamide

4-PY

N-methyl-4-pyridone-3-carboxamide
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NAM

nicotinamide

NAD

nicotinamide adenine dinucleotide

GFR

glomerular filtration rates

CKD-EPI

Chronic Kidney Disease Epidemiology Collaboration

ELISA

enzyme-linked immunosorbent assay

HPLC

high performance liquid chromatography

BMI

body mass index

IQR

interquartile range

MNA

N1-methylnicotinamide.
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Fig. 1.
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(A) Study tests were obtained from serum and urine. Nicotinamide
phosphoribosyltransferase is the rate-limiting enzyme in the NAM metabolism whereas (B)
2-PY and 4-PY are urinary end products of the NAM metabolism. POD, postoperative day;
eNAMPT, extracellular nicotinamide phosphoribosyltransferase; FGF-23, fibroblast growth
factor-23; PTH, parathyroid hormone; 2-PY, N-methyl-2-pyridone-5-carboxamide; 4-PY, Nmethyl-4-pyridone-3-carboxamide; NAM, nicotinamide; NMN, nicotinamide
mononucleotide; NAD, nicotinamide adenine dinucleotide; MNA, N1- methylnicotinamide.
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Fig. 2.

(A) Significant hypophosphatemia on POD2 was preceded by (B) significant
hyperphosphaturia on POD1 in all 4 groups. *Significant. IQR, interquartile range; Phos,
phosphorus; POD, postoperative day; Preop, preoperative.
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Fig. 3.
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(A) Significant increase in eNAMPT levels on POD2 compared to preoperative levels
occurred in all 3 resected groups, whereas (B) FGF-23 levels were significantly decreased
postoperatively and (C) PTH were not significantly affected by operation in all 4 groups.
*Significant. eNAMPT, extracellular nicotinamide phosphoribosyltransferase; FGF-23,
fibroblast growth factor-23; IQR, interquartile range; POD, postoperative day; Preop,
preoperative; PTH, parathyroid hormone.
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Fig. 4.

Significant decrease in (A) urinary 2-PY and (B) 4-PY excretions on POD2 compared to
their preoperative levels in all 4 groups. * Significant. 2-PY, N-methyl-2-pyridone-5carboxamide; 4-PY, N-methyl-4-pyridone-3-carboxamide; IQR, interquartile range; POD,
postoperative day; Preop, preoperative.
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18 (60)
19 (63)
4 (13)
19 (63)
15 (50) 3–4 segments; 15 (50) 4–5
segments
16 (53) CRLM; 8 (27) ICC; 1 (3)
HCC; 1 (3) GBC; 4 (13) others
450 (100–2500)
25 (0–65)
230 (140–425)
6 (4–56)
28 (93)
20 (67)

Male, n (%)

BMI ≥ 25 kg/m2, n (%)

Diabetes mellitus, n (%)

Neoadjuvant chemotherapy, n (%)

Operations, n (%)

Tumor diagnosis, n (%)

Operative blood loss, mL, median (range)

Pringle time, min, median (range)

Operative time, min, median (range)

Length of stay, d, median (range)

Serum phosphate <2.4 on POD2, n (%)

Phosphate supplement on POD2, n (%)

14 (47)
5 (16)
1 (3)

15

24

39

Phosphate dosage on POD2, mmol, n (%)

56 (35–84)

Age, y, median (range)

2 (7)

5 (16)

11 (37)

18 (60)

23 (77)

6 (4–12)

172 (77–401)

15 (0–64)

200 (20–800)

14 (47) CRLM; 1 (3) ICC; 3
(10) HCC; 6 (20) GBC; 6 (20)
others

13 (43) < 2 segments; 17 (47)
2–3 segments

19 (63)

5 (17)

18 (60)

11 (37)

64 (30–79)

Minor
hepatectomy
(n=30)

1 (3)

4 (13)

11 (37)

16 (53)

25 (83)

7 (4–7)

145 (67–367)

--

175 (50–1600)

10 (33) PDAC; 6 (20) PNET; 5 (17)
IPMN; 4 (13) ampullary cancer; 5
(17) others

14 (47) Whipple; 3 (10) central
pancreatectomy; 13 (43) distal
pancreatectomy

8 (27)

5 (17)

22 (73)

13 (43)

64 (48–83)

Pancreatectomy
(n=30)

2 (7)

6 (20)

8 (27)

16 (53)

24 (80)

5 (4–7)

162 (104–281)

--

63 (20–600)

15 (50) CRLM; 10 (33) ICC;
3 (10) PDAC; 2 (7) others

25 (83) HAIP; 5 (17) biopsies
only

23 (77)

6 (20)

21 (70)

16 (53)

61 (30–76)

Control (n=30)

0.148

0.680

0.339

0.009*

<0.001*

0.042*

<0.001*

--

--

<0.001*

0.923

0.682

0.276

0.054

p Value

HAIP, hepatic artery infusion pump; CRLM, colorectal liver metastasis; ICC, intrahepatic cholangiocarcinoma; HCC, hepatocellular carcinoma; GBC, gallbladder carcinoma; PDAC, pancreatic ductal
adenocarcinoma; PNET, pancreatic neuroendocrine tumor; IPMN, intraductal papillary mucinous neoplasm; POD, postoperative day.

Significant.
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