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Abstract
BACKGROUND
As operative techniques and mortality rates of pancreatectomy have improved, there has been a shift in focus to maintaining and improving the nutritional status of these patients as we continue to learn more about post-operative complications. Although pancreatic endocrine and exocrine insufficiencies are known complications of pancreatectomy, increased longevity of these patients has also led to a higher incidence of de novo fatty liver disease which differs from traditional fatty liver disease given the lack of metabolic syndrome.

AIM
To identify and summarize patterns and risk factors of post-pancreatectomy de novo fatty liver disease to guide future management.

METHODS
We performed a database search on PubMed selecting papers published between 2001 and 2022 in the English language. PubMed was last accessed 1 June 2022.

RESULTS
Various factors influence the development of de novo fatty liver including indication for surgery (benign vs malignant), type of pancreatectomy, amount of pancreas remnant, and peri-operative nutritional status. With an incidence rate up to 75%, de novo non-alcoholic fatty liver disease (NAFLD) can develop within 12 mo after pancreatectomy and various risk factors have been established including pancreatic resection line and remnant pancreas volume, peri-operative malnutrition and weight loss, pancreatic exocrine insufficiency (EPI), malignancy as the indication for surgery, and postmenopausal status.

CONCLUSION
Since majority of risk factors leads to EPI and malnutrition, peri-operative focus on nutrition and enzymes replacement is key in preventing and treating de novo NAFLD after pancreatectomy.
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Core Tip: As surgical techniques for pancreatectomy have improved, patients have had an improvement in mortality which has allowed further investigation into the metabolic changes after surgery. Currently there are no guidelines on the management or prevention of de novo non-alcoholic fatty liver disease (NAFLD) after pancreatectomy. In this review, we synthesize both the patterns and risk factors of de novo NAFLD to help guide management.

INTRODUCTION
The study of de novo non-alcoholic fatty liver disease (NAFLD) after pancreatectomy began as early as the 1930’s in de-pancreatized dogs that were initially used as the animal prototype for studying diabetes[1]. Two types of fatty liver following pancreatectomy were described. The first had an early onset and due to insulin deficiency whereas the second was slower in onset and developed regardless of control with insulin. Early studies showed that the latter could be prevented, and survival improved by adding raw pancreas to the diet[2-7]. The authors postulated that raw pancreas exerted a lipotrophic effect by preventing and reversing fatty liver disease. This suggested that there may be another pancreatic hormone other than insulin playing a role, there may be a deficiency in the external secretions of the pancreas, or there was an essential factor in raw pancreas that led to improvement. In fact, dogs deprived of pancreatic external secretion by pancreatectomy or ligation of the external pancreatic ducts resulted in fatty liver, which could be prevented by dietary addition of raw pancreas[4]. Other animal studies suggested that feeding choline chloride, betaine, or d1-methionine separately exerted a lipotrophic effect as well suggesting that a defect in choline synthesis may be responsible for de novo NAFLD development[4-7]. Follow up studies showed that deficiencies of lipotrophic agents, after pancreatectomy, interfere with normal formation of low-density lipoproteins and block fat transport out of the liver[4-7]. Hence, there may be a benefit of pancreatic enzymes replacement therapy (PERT) in preventing or treating de novo NAFLD after pancreatectomy.
Findings from animal studies led to investigating the pathophysiology of hepatic steatosis in humans who had undergone pancreatectomy. One study showed that 61.9% of patients that had pancreatectomy developed hypocarnitenemia with a subsequent high ratio of acyl to free carnitine, which was associated with hepatic steatosis[8]. Carnitine has an essential role in lipid metabolism by transporting fatty acids from the cytosol to the mitochondria[9]. Fatty acids usually form acyl-CoA which is conjugated with carnitine and forms acylcarnitine. This then becomes oxidized and is one of the primary pathways of lipid metabolism[9]. Therefore, total carnitine deficiency or an increased ratio of acyl to free carnitine may reflect mitochondrial dysfunction leading to decreased fatty acid oxidation and impaired lipid metabolism leading to hepatic steatosis. Figure 1 illustrates the potential relationship and mechanism of de novo NAFLD after pancreatectomy along with the effect of certain treatments.
Starting in the 1980’s, due to increased awareness of de novo NAFLD, providers began noticing the development of hepatic steatosis in patients who had undergone pancreatectomy[10]. Progression to non-alcoholic steatohepatitis (NASH), advanced fibrosis, and hepatocellular carcinoma were also documented. Therefore, the impact and prevention of hepatic steatosis began to be investigated. Early studies reported incidence of post-pancreatectomy de novo NAFLD up to 37% with a mix of benign and malignant etiologies[10,11]. Other studies reported broader incidence from 8% to 37% with a majority occurring within 12 mo after pancreatectomy[12-18]. Clinical features of de novo NAFLD after pancreatectomy include non-obesity, absence of metabolic syndrome, and malnutrition. Factors such as etiology of disease, pancreatic resection line, functional capacity of remnant tissue, reconstruction methods altering intestinal physiology, gender, pancreatic endocrine and exocrine insufficiency, and post-operative decrease in body mass index (BMI) have been influential in the development of hepatic steatosis[10,11]. Therefore, management has been focused on treating pancreatic insufficiency and maintaining or improving post-operative nutritional status. We aim to summarize the various surgical techniques and risk factors that lead to development of de novo NAFLD after pancreatectomy along with emerging management and treatment options. 

MATERIALS AND METHODS
A literature search was performed in PubMed using the following key words: pancreatectomy, de novo fatty liver, fatty liver, nonalcoholic fatty liver, pancreaticoduodenectomy, Total pancreatectomy (TP), distal pancreatectomy (DP), pancreatic insufficiency, and malnutrition. Reference lists from studies found were also searched for further relevant studies. All study designs from 2001 to January 2022 that suggested de novo NAFLD after pancreatectomy regardless of method of evaluation were included, such as case reports, case series, and literature reviews. A total of 76 references were included. The results are reported in different paragraphs, containing a brief introduction followed by a summary of previously published data.

RESULTS
De novo NAFLD risk factors
Residual pancreas volume: One of the main concerns after pancreatectomy stems from the ability of the residual pancreas to maintain endocrine and exocrine function. Depending on the type of surgical technique and etiology of disease, patients will have various remnant pancreas volume. When comparing different types of pancreatectomy (total, distal, pancreaticoduodenectomy), the pancreatic resection line was found to be an independent risk factor for development of hepatic steatosis, which also relates to the degree of exocrine pancreatic insufficiency (EPI) due to reduced amounts of pancreatic parenchyma[10]. In other studies, residual pancreas volume ratio, harder pancreatic texture, and advanced pancreatic cancer were found to be strong predictors of post-operative EPI after DP and subsequent de novo NAFLD[19-22]. Patients with low residual pancreas volume may have more atrophy in the remnant pancreas as suggested by histologic loss of pancreatic acinar cells in the pancreatic stump which was associated with post-operative EPI[19]. The same study also noted hardened pancreatic texture from severe atrophy that potentially contributed to the risk of post-operative EPI and subsequent hepatic steatosis. Notably, PERT was effective in treating post-operative EPI, advocating for early therapy to prevent de novo NAFLD[19].
The minimal amount of functioning pancreas necessary for fat assimilation to maintain appropriate weight and nutrition post pancreatectomy is unknown. Therefore, residual pancreas volume becomes very important in risk stratifying patients who may become malnourished after surgery. 

Pancreatic glandular dysfunction: (1) Pancreatic exocrine insufficiency: Post-operative EPI may result from insufficient pancreas tissue after resection or inadequate secretion of endogenous exocrine enzymes. This has been associated with development of de novo NAFLD after pancreatectomy in the setting of diarrhea and malabsorption leading to weight loss and malnutrition. Specifically, malabsorption of amino acids leads to decreased synthesis of hepatic lipoprotein (including lipoprotein B) along with decreased delivery of very low-density lipoprotein (VLDL)[17,23]. Free fatty acids then accumulate in hepatocytes and hepatic steatosis develops. Over time, increased lipid oxidation and activation of reactive oxygen damage hepatocytes and induce NASH with subsequent fibrosis[17,23].
(2) Pancreatic endocrine insufficiency and insulin resistance: Pancreatic endocrine insufficiency can lead to de novo NAFLD through disruption of regulatory pathways despite absence of traditional risk factors for metabolic syndrome. Pancreatic resection related imbalance of insulin, glucagon, and pancreatic polypeptide may have an effect on post-operative hepatic steatosis[14]. This promotes insulin resistance-related hyperinsulinemia and hyperglycemia by increased hepatic glucose production and decreased glucose disposal[14,17]. The extra glucose gets converted to fatty acids which enters the Krebs cycle which becomes a substrate for lipogenesis in hepatocytes[17,23-25]. Insulin resistance also increases lipase which promotes adipose tissue lipolysis and creates triglycerides and free fatty acids with subsequent increased hepatic fat accumulation[17,23-25].
Although hepatic steatosis is relatively uncommon in patients with type 1 diabetes mellitus compared to those with type 2, the mechanism of de novo NAFLD after pancreatectomy appears similar to that of type 1 diabetes, due to inadequate levels of glucoregulatory hormones in the setting of a pancreatectomy; this can be described as pancreatogenic diabetes (type 3C)[14,26-28].

Benign disease: A recent systematic review and meta-analysis evaluated metabolic changes after pancreatoduodenectomy (PD), pancreatic left resection (PLR), and parenchyma-sparing local resections for benign tumors[29]. After PD, 14.1% of patients developed new onset diabetes after a mean of 27.9 mo while 44.9% developed EPI after a mean of 32 mo. Patients who underwent PLR had a higher frequency of glandular dysfunction when compared to those who underwent pancreatic middle segment resection. After duodenum-preserving pancreatic head resection (DPPHR), 5% developed diabetes and 6.7% developed EPI. Patients who underwent tumor enucleation developed diabetes and EPI in 5.7% and 4.3% of cases respectively. On the other hand, pylorus preserving PD led to diabetes and EPI in 19.7% and 54.4% of patients respectively. Regarding development of de novo NAFLD, 23.8% of patients had radiologic evidence of NAFLD after a mean of 30.4 mo of follow up time but some of these included malignancies. There were otherwise a few studies that reported de novo NAFLD in 16%-26% of patients with benign tumors who underwent PD[29-31]. The odds ratio of development of de novo NAFLD after DPPHR compared to pylorus-sparing PD was 0.11 (95%CI 0.03-0.49)[29].
Regardless of the type of surgery, pancreatectomy for benign disease results in metabolic derangement. As described earlier, pancreatic insufficiency is related to the extent of tissue resection as reinforced by these results. The data further suggest that traditional surgical techniques for benign disease lead to considerable morbidity and parenchyma-sparing techniques may be more favorable. Additionally, out of the patients that developed de novo NAFLD, a majority occurred within the first year and were also related to traditional surgical techniques such as PD[29].

Malignancy: Due to various comorbidities and diseases processes, the reason for pancreatectomy was also found to be linked to the development of de novo NAFLD due to higher rates of malnutrition in patients with malignancy[32]. Since pancreatic malignancy often required larger resections for clear margins, there is often less residual pancreatic volume which can lead to EPI and subsequent hepatic steatosis through pathways mentioned previously[10,13,18,32,33]. These patients also tended to undergo chemotherapy or radiation therapy which increases the risk for pancreatic atrophy, fibrosis, and subsequent pancreatic insufficiency. Additionally, pancreatic cancer of the head was also linked to higher rates of EPI possibly due to secondary obstruction of the pancreatic duct which causes fibrosis and atrophy of the pancreas[33]. On average, these patients had lower BMIs and more malnutrition due to the underlying process of malignancy and related treatments and effects[10,13,18,32,33].

Surgical techniques: Due to improvement in surgical techniques and peri-operative management, there has been a decline in mortality rates after different types of pancreatectomy[19]. The location of the pancreas resection line and subsequent reconstruction may explain the difference between the rates of pancreatic insufficiency and de novo NAFLD. Along with resection of pancreatic parenchyma, the loss of duodenum, altered gastric emptying, and intestinal transit of biliary and pancreatic fluids likely contribute to impaired pancreatic function[11]. Since the duodenum is involved in fat digestion and absorption by exogenous enzymes, any modification can cause a disconnect between gastric emptying and endogenous pancreatic enzymes which leads to maldigestion[34-36]. Additionally, the pancreatic anastomosis can become obstructed with tumor or chemoradiation-induced fibrosis and atrophy which can lead to impaired exocrine function[11].
(1) Total Pancreatectomy: TP can be performed to treat both benign and malignant diseases, but due to increased risk for endocrine and exocrine insufficiency, this surgical approach has been limited[37]. TP has been established as an option for pancreatic ductal adenocarcinoma (PDAC), invasive or multifocal intraductal papillary mucinous neoplasms, multiple pancreatic neuroendocrine tumors, chronic pancreatitis with severe pain, or even pancreatic fistulas or hemorrhage after PD[38-40]. The gallbladder, common bile duct, duodenum, part of the stomach, spleen, and portal vein are often removed as well. 
Early studies of patients that had a regional TP that included a regional lymph node dissection, sympathectomy, subtotal gastrectomy, duodenectomy, splenectomy, and cholecystectomy noted a significant amount of diarrhea, malabsorption, and weight loss in the post-operative period. These symptoms were likely due to altered anatomy, EPI, and impaired small bowel motility from loss of inhibitory effect in the setting of sympathectomy[32,37]. Those patients were treated with bile acid sequestrants, somatostatin analogues, and alpha-2 adrenergic agonists which improved symptoms. Also, the addition of PERT, calcium supplements, multivitamins, and multiple calorie dense meals per day led to successful weight gain or maintenance[37]. However, despite adequate diabetic control and caloric restoration, the incidence of de novo NAFLD ranged from 19.6%-37% with both benign and malignant indications[32,41]. Similarly, studies investigating outcomes after residual TP (due to local recurrence or new primary cancer) vs one stage TP showed a prevalence of 50%-74% of de novo NAFLD at 12 mo post-operatively[42]. These patients had well-controlled post-operative glucose levels and hemoglobin A1c values, but those with PDAC experienced more severe post-operative weight loss and worse outcomes.
These findings were also supported by another study of patients that underwent TP including the pylorus, half antrum, duodenum, spleen, gallbladder, extrahepatic bile duct, and a short segment of the proximal jejunum[32]. Thirty seven percent developed steatosis in correlation with decline in BMI indicating a state of malnutrition. Additionally, EPI and females were also found to increase risk of post-operative de novo NAFLD. 
Advancements in islet auto-transplantation have led to more patients receiving a TP (TPIAT). Interestingly, 63% of patients who received TPIAT developed de novo NAFLD within a mean of 27 mo[43]. Those patients were also noted to have an atypical pattern of fat deposition likely arising from local fat deposition from functioning islet cells producing insulin and fat which is different from the homogenous steatosis seen with metabolic syndrome[44-46].
(2) Pancreaticoduodenectomy: PD involves resection of the head of the pancreas, distal stomach, duodenum, and proximal jejunum. The effects on digestion are different compared to DP or TP given the asynchronous delivery of nutrients and digestive enzymes that results in severe malnutrition[47]. The reduction in islet and acinar cells coupled with malabsorption can lead to EPI and de novo NAFLD. Early studies of PD for periampullary cancer documented post-operative EPI and weight loss in all patients despite not having residual cancer[47]. Seventy-five percent of patients were noted to have de novo NAFLD and none of them carried a diagnosis of diabetes. Despite PERT, they were unable to regain weight which emphasizes the importance of monitoring metabolic derangements and risk factors including weight changes and EPI to prevent de novo NAFLD.
A similar pattern was seen in patients with PDAC in the pancreatic head since it can cause obstruction of the main pancreatic duct and atrophic changes in the pancreatic body and tail[32]. After PD, the atrophic remnant leads to decreased exocrine and endocrine function[10,13-15,18,33]. Additionally, PD often requires a major surgery to obtain free margins with nerve dissection which increases the risk for malabsorption[16,48,49]. These risk factors all play a role in the development of de novo NAFLD, but those who receive PERT within 2 wk of surgery had lower incidence of hepatic steatosis[32]. Notably in those studies, older females with post-operative hepatic steatosis did not respond as well to PERT. This confirms observations from other studies that suggest post-menopausal women have an increased risk of insulin resistance, hyperlipidemia, and visceral fat accumulation which are all risk factors for development of conventional hepatic steatosis due to imbalance of sex hormones metabolism[50-53].
Multiple subsequent studies noted an incidence of de novo NAFLD from 15.6% to 66% within 12 mo depending on the indication for surgery and peri-operative risk factors[13,47,50]. Those with benign surgical indications had a lower incidence of de novo NAFLD whereas patients with malignancy had higher incidence. This observation is likely explained by the correlation between decline in BMI and de novo NAFLD suggesting that the pathophysiology is similar to fatty infiltration in malnutrition[50-53]. Additionally, patients that underwent subtotal stomach preserving PD with Billroth II reconstruction were at increased risk of EPI and de novo NAFLD if they were female or had a BMI greater than 22.5 kg/m2[54]. Obese patients may be more susceptible to steatosis due to dietary limitation and rapid weight loss from the antrectomy whereas the gender difference may be explained by a majority of these women being post-menopausal so they may not have the protective effect of estrogen on fatty liver disease that has been demonstrated in prior studies[50-53]. Additionally, atrophy of the pancreas remnant was a significant risk factor for development of steatosis, which improved in a majority of these patients after administration of high dose PERT[47].
Eventually, studies were also done in other countries with populations that did not have high prevalence of traditional risk factors for NAFLD. For example, studies from Japan included patients who were not obese and did not have metabolic syndrome, yet 23%-37% developed de novo NAFLD within 6 mo in the setting of weight loss[13,14,33]. These patients also had lower serum albumin, total cholesterol, apolipoprotein B, and fasting insulin concentrations which improved after PERT suggesting EPI as a main pathway for de novo NAFLD[33]. These clinical features were similar to rodents in a prior study with methionine and choline deficient induced NASH[55,56]. Therefore, malabsorption of essential amino acids and fat soluble nutrients such as choline could lead to development of de novo NAFLD after PD. Similarly, these subjects also had low apolipoprotein B levels which helps secrete triglycerides from hepatocytes as VLDL. Serum zinc levels were also lower in patients with de novo NAFLD and studies have shown a protective role of zinc against alcoholic fatty liver disease[57,58]. Despite aggressive supplementation and administration of PERT within 1 wk of PD, de novo NAFLD prevalence was as high as 41.3% with a higher rate in the group with lower doses of PERT[12].
(3) Distal Pancreatectomy: DP is the surgical procedure of choice for benign or malignant lesions in the body or tail of the pancreas and does not include the duodenum or distal bile duct. Longevity after DP has been better for benign disease than it is for cancer, making evaluation of metabolic consequences very important, but complications are similar compared to other techniques for pancreatectomy[22,59].
A large retrospective analysis demonstrated that 20% of patients developed endocrine insufficiency within 20.8 mo after DP[11]. Independent risk factors included male gender, higher BMI, tobacco use, and family or personal history of diabetes. EPI was also present in 36% of patients with lower BMI, family history of diabetes, steatorrhea, and elevated total bilirubin leading to an increased risk with mean time to onset of 14.2 mo. These findings suggest that although traditional risk factors for metabolic syndrome place post-DP patients at higher risk of endocrine and exocrine insufficiency, those with lower BMI and risk for malnutrition with less pancreas remnant are more at risk for EPI which has been more associated with de novo NAFLD[34,35,60].
Additional studies also confirmed these findings and noted pancreatic endocrine insufficiency after DP in 31% of patients[36,61,62]. These changes after DP were thought to be due to heterogeneity of islet distribution in the setting of a higher islet volume density in the tail than in the head and body of the pancreas. EPI was noted in 17% of patients and pre-operative jaundice was noted to be a risk factor, indicating ductal obstruction with possible atrophy and fibrosis[63].
When investigating malignancy as an etiology for surgery, patients that underwent DP had more adjuvant chemotherapy and higher rates of PERT use compared to those that underwent PD[16]. De novo NAFLD developed in 17%-55% of patients without metabolic syndrome within 6-12 mo[50,64]. The presence of PDAC, peri-operative blood loss, and EPI affected development of hepatic steatosis likely due to pancreatic volume loss/ischemia leading to malnutrition and weight loss. These patients may also have less pre-operative reserve which predisposes them to post-operative malnutrition and steatosis.

Post-operative nutritional management
Several factors have been linked to the development of hepatic steatosis mainly through pancreatic insufficiency, malabsorption, and subsequent weight loss as depicted in Figure 2. The common thread between these risk factors and development of de novo NAFLD appears to be malnutrition. In fact, survival rates and development of de novo NAFLD have improved with appropriate nutrition so these patients should be treated aggressively with insulin and nutritional management[10]. This can be achieved by treating EPI adequately, which biochemically manifests with low vitamin A, D, E, K, selenium, zinc, magnesium, calcium, phosphate, potassium, and elevated parathyroid hormone (likely due to low vitamin D)[65-68]. While clinically, these patients manifest with weight loss, sarcopenia, weakness, and even anorexia due to concern for triggering diarrhea.
Specifically, PERT plays a key role in minimizing risk of malabsorption post-pancreatectomy. There are several forms of PERT including enteric coated microspheres, tablets, granules, and powdered forms. These enzymes should be taken with all meals and snacks, but dose depends on each individual and meal content. Patients on enteric feeding should be on a semi-elemental peptide, medium chain triglycerides-based feed, and PERT may need to be given along with these feeds[68]. If unable to provide PERT for these patients, a strict elemental formula can be used instead. All patients receiving PERT should be taught how to self-adjust doses based on meal content and duration. Additionally, gastric acid suppression may be of benefit to prevent denaturing of the enzymes since they require a pH > 5.5 for activation but are denatured in very acidic environments[68]. Notably, each PERT product has its own activation time and ideal pH but there are limited trials comparing products in different clinical situations. If a patient does not experience benefit with one brand, switching to another brand may be beneficial.
To further assess the effect of PERT, studies have investigated administering enzymes based on risk factors vs prophylactically to all patients who undergo pancreatectomy. One study administered PERT prophylactically after PD and demonstrated an incidence of de novo NAFLD of 27% compared to 43% in patients who did not receive PERT[69]. Recently, another study was published regarding the effect of early post-operative administration of delayed-release high dose pancrealipase for patients that underwent pancreatectomy (other than TP)[70]. Patients were given PERT starting post-operative day 3 vs 3 mo after surgery in the control group. Starting at 3 mo and going up to 6 mo after surgery, prevalence of de novo NAFLD was not significantly different between the 2 groups, but BMI and nutrition indices were higher in the group that was administered PERT earlier. These findings support aggressive and early focus on post-operative PERT to improve nutritional status and decrease risk of subsequent de novo NAFLD after pancreatectomy.
Historically, malabsorption has been also treated with a low-fat diet which minimizes symptoms, but this does not always correct nutritional deficiencies[65-68]. Some clinical experts advocate for more balanced and not low-fat diets due to concern for a potential negative impact on nutritional status. Instead, patients are instructed to eat high energy meals with nutritional supplements under the guidance of a dietician. Since the duodenum is also removed in some forms of pancreatectomy, there is less absorption of vitamins and minerals on top of increased metabolic demand which leads to worsening micronutrient deficiencies. Therefore, fat soluble vitamins and trace elements are recommended following surgery.

Non-invasive diagnosis of NAFLD
Although liver biopsy for histological examination is the most accurate diagnostic method for hepatic steatosis, it is invasive with the possibility of complications[71-76]. While abdominal ultrasound can show liver hyperechogenicity, it cannot quantify and detect mild steatosis. Magnetic resonance imaging has good sensitivity to detect hepatic steatosis but limited by the test expensive cost, which makes it less used at small institutions. Therefore, many studies optioned to determine the presence or severity of hepatic steatosis using hepatic attenuation with Hounsfield units (HU) on computed tomography (CT) images. As seen in Figure 3, regions of interests are drawn and hepatic steatosis can be defined as an absolute CT attenuation value of less than 40 HU or a relative attenuation of at least 10 HU less than that of the spleen[71-76]. Another method involves using the liver to spleen ratio of HU with a ratio of 0.9 or less to diagnose hepatic steatosis. These methods on a non-contrast CT have good correlation to pathologic findings of at least moderate steatosis and are more convenient and available[71-76].

Limitations
Current data is limited mainly due to the heterogeneity of the patient population studied. Prior studies have included patients with both benign and malignant diseases along with different surgical techniques. Patients that also undergo chemotherapy or radiation therapy are at risk for recurrent or metastatic disease have also been included and may confound results. These patients also often have a history of alcohol abuse or underlying metabolic disorder that are not always accounted for. Additionally, when diagnosing patients with non-invasive techniques, only moderate and severe steatosis are captured given the limitations of CT scans which may under-report true values. Some studies also used CT scans with contrast which is not ideal due to lack of regulation of the type and amount of contrast injected, injection timing, and scan parameters which can influence the diagnosis of steatosis. Diagnosis of EPI is also difficult without objective data which many studies do not provide, and this limits the ability to make extrapolations. Lastly, although many studies incorporated treatment with PERT, there is no way to compare them due to the various formulations of enzymes that are available based on regions. This would be important to study in the setting of patients with and without pre-operative NAFLD to follow the disease course.

DISCUSSION
The key to differentiating between de novo NAFLD after pancreatectomy and classic NAFLD is the absence of metabolic syndrome. Many studies have tried to investigate the pathogenesis and risk factors for development of de novo NAFLD to avoid the morbidity and mortality associated with chronic liver disease by increasing awareness of the underlying process. Early animal models have suggested that a defect in choline synthesis leading to oxidation of fatty acids may play a key role in development of NAFLD after pancreatectomy[2-7]. These studies also showed benefit in supplementation with choline, raw pancreas, and pancreatic enzymes which led to further investigational trials. 
As synthesized in this review, various factors have been linked to increased risk for development of NAFLD after pancreatectomy. Although these studies often included a heterogenous population making comparison difficult, certain factors such as pancreatic endocrine and exocrine dysfunction in the setting of decreased residual pancreas volume were consistent. These factors lead to malnutrition and weight loss which appears to be the driving force in the pathogenesis of de novo NAFLD through increased hepatic lipogenesis and decreased hepatic VLDL. Therefore, emphasis should be placed on peri-operative nutritional optimization to not only avoid but also potentially treat de novo NAFLD.
Future directions should investigate specific peri-operative dietary techniques including calorie counts and supplements while trending changes in weight and development or improvement of hepatic steatosis. Similarly, further studies are needed with regard to testing the appropriate dosage and formulation of PERT to provide uniform guidance on treatment along with appropriate timing of administration.

CONCLUSION
As surgical techniques for pancreatectomy have improved, patients have had an improvement in mortality which has allowed further investigation into the metabolic changes after surgery. With an incidence rate up to 75% (Table 1), de novo NAFLD can develop within 12 mo after pancreatectomy and various risk factors have been established including pancreatic resection line and remnant pancreas volume, peri-operative malnutrition and weight loss, EPI, pancreatic endocrine insufficiency, malignancy as the indication for surgery, and postmenopausal status. Since a majority of risk factors leads to EPI and malnutrition, peri-operative focus on nutrition and enzymes replacement is key in preventing and treating de novo NAFLD after pancreatectomy.

ARTICLE HIGHLIGHTS
Research background
Pancreatic surgery for various disease processes (including both malignancy and benign disease) have been described for many years but only recently have techniques improved making certain metabolic consequences more known. De novo non-alcoholic fatty liver disease (NAFLD) has been associated with pancreatectomy after about 12 mo but risk factors are not well known given the heterogeneous populations that have been studied thus far.

Research motivation
Given the improvement in surgical techniques used for pancreatectomy, mortality has improved which has led to increased awareness of downstream metabolic effects. One of those effects, the development of de novo NAFLD, is especially interesting given the lack of traditional metabolic risk factors that are often associated with fatty liver disease. Therefore, there is more importance in defining risk factors that could lead to development of de novo NAFLD so that prevention and treatment can also be better defined.

Research objectives
To summarize the various per-operative risk factors that lead to development of de novo NAFLD after pancreatectomy along with potential management and treatment options.

Research methods
A literature search from 2001 to 2022 was done and all study designs that investigated de novo NAFLD were included.

Research results
With an incidence rate up to 75%, de novo NAFLD can develop within 12 mo after pancreatectomy. Various risk factors have been established including pancreatic resection line and remnant pancreas volume, peri-operative malnutrition and weight loss, EPI, pancreatic endocrine insufficiency, malignancy as the indication for surgery, and postmenopausal status.

Research conclusions
Since a majority of risk factors leads to exocrine pancreatic insufficiency and malnutrition, peri-operative focus on nutrition and enzymes replacement is key in preventing and treating de novo NAFLD after pancreatectomy.

Research perspectives
Future studies should focus on per-operative management of nutrition including pancreatic enzyme replacement therapy while monitoring weight change and development, prevention, or improvement of de novo fatty liver disease.
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Figure Legends
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Figure 1 Potential pathway of de novo non-alcoholic fatty liver disease in animal models with boxes in green representing potential treatment options. NAFLD: Non-alcoholic fatty liver disease.
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Figure 2 Factors involved in development of de novo non-alcoholic fatty liver disease after pancreatectomy. NAFLD: Non-alcoholic fatty liver disease; VLDL: Very low-density lipoprotein; TP: Total pancreatectomy; DP: distal pancreatectomy; PD: Pancreatoduodenectomy.
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Figure 3 Hepatic steatosis on non-contrast computed tomography scan measured by regions of interest drawn to calculate average Hounsfield units and liver to spleen ratio.

Table 1 Incidence of de novo non-alcoholic fatty liver disease based on pancreatectomy technique and etiology of disease (benign vs malignant vs mixed)
	
	Incidence
	Ref.

	PD for benign disease
	16%-26%
	[29-31,48,49]

	TP with mixed etiology
	19.6%-37%
	[32,41]

	TP for malignancy
	50%-74%
	[41,42]

	TPIAT
	63%
	[43]

	PD with mixed etiology
	15.6%-66%
	[13,14,32,33,47,50-54]

	PD for malignancy
	15.6%-75%
	[13,14,32,33,47,50-54]

	DP for malignancy
	17%-55%
	[11,49,55]


PD: Pancreaticoduodenectomy; TP: Total pancreatectomy; TPIAT: TP with islet auto-transplantation; DP: Distal pancreatectomy.
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