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Abstract

Background

Enhanced recovery pathways (ERP) have not been widely implemented for hepatic sur-

gery. The aim of this study was to evaluate the safety of an ERP for patients undergoing

open hepatic resection.

Methods

A single-surgeon, retrospective observational cohort study was performed comparing the

clinical outcomes of patients undergoing open hepatic resection treated before and after

implementation of an ERP. Morbidity, mortality, and length of hospital stay (LOS) were com-

pared between pre-ERP and ERP groups.

Results

126 patients (pre-ERP n = 73, ERP n = 53) were identified for the study. Patient characteris-

tics and operative details were similar between groups. Overall complication rate was simi-

lar between pre-ERP and ERP groups (37% vs. 28%, p = 0.343). Before and after pathway

implementation, the median LOS was similar, 5 (IQR 4–7) vs. 5 (IQR 4–6) days, p = 0.708.

After adjusting for age, type of liver resection, and ASA, the ERP group had no increased

risk of major complication (OR 0.38, 95% CI 0.14–1.02, p = 0.055) or LOS greater than 5

days (OR 1.21, 95% CI 0.56–2.62, p = 0.627).

Conclusions

Routine use of a multimodal ERP is safe and is not associated with increased postoperative

morbidity after open hepatic resection.
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Introduction
Clinical care pathways have emerged over the last decade in the management of patients who
have undergone major gastrointestinal operations. These pathways have the goal of decreasing
variability, enhancing quality of care, improving postoperative outcomes, and decreasing
health care delivery costs.[1] Such treatment strategies were pioneered in colorectal surgery in
the 1990’s and frequently referred to as an enhanced recovery pathway (ERP), fast-track path-
way, clinical or critical pathway, accelerated rehabilitation, or standardized care protocol.[2]
For example, implementation of an ERP in colorectal surgery patients at our institution
resulted in decreased length of stay and decreased postoperative morbidity for patients who
have undergone partial colectomy.[3] Similar experiences with major abdominal operations
have been reported both in the United States and abroad.[4–14]

A key concept of an ERP is a protocol-driven multidisciplinary team approach and involve-
ment of healthcare providers throughout a patient’s care pathway including at time of pre-
operative evaluation, as well as, in the induction area, operating room, post-anesthesia care
unit, and postoperative surgical care unit. Success of an ERP requires is protocol-driven inte-
gration of team members and team care.

The key components of an ERP include: 1) pre-operative education regarding the operation
and expected recovery; 2) omission of bowel preparation; 3) anesthetic and analgesic regimen
that minimizes postoperative sedation and systemic opiates; 4) immediate postoperative dis-
continuation of nasogastric tube; 5) early feeding; 6) enforced ambulation on the day of sur-
gery, and 7) early removal of bladder catheter.[3] Other useful features of an ERP are
educational discharge planning, prewritten order pathway, prokinetic medications, neutral
intra-operative and post-operative fluid balance, antiembolic stockings, a standardized
approach to laboratory studies, specific discharge criteria and education regarding these criteria
early in postoperative period, breathing exercises, and an organized post-operative physical
therapy program.[1]

Application of an ERP for hepatic resection has been very limited likely due to concerns
regarding the safety of routine use of spinal anesthesia, non-steroidal anti-inflammatory drugs,
and venous thromboembolism prophylaxis. Several studies outside the United States indicate
such protocols are safe and effective in reducing length of stay.[15–23] Anecdotal evidence sup-
ported safe implementation of colorectal ERP protocols among patients undergoing combined
hepatic resection and colectomy at our institution. This experience prompted implementation
of an ERP for patients undergoing hepatic resection alone. The aim of the current study was to
evaluate the safety of an enhanced recovery pathway following open hepatic resection com-
pared to the standard postoperative management of historical controls after hepatic resection.

Methods

Study Cohort
This single-surgeon, retrospective observational cohort study was approved by the Mayo Clinic
Institutional Review Board. Written consent was waived for this study. All data was de-identi-
fied for analysis. Between January 2010 and December 2010, individual components of the
ERP were piloted. Specifically, preoperative and intraoperative anesthetics and fluid manage-
ment protocols were standardized by the Department of Anesthesiology. Education and train-
ing of nursing staff, pharmacists, discharge planners, and social workers, was also performed
during this period. Importantly, the ERP was introduced on a hospital ward where a similar
pathway had been implemented previously by the colorectal surgery at the Mayo Clinic.[3] In
January 2011, a multimodal ERP was implemented for all adult patients undergoing hepatic
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resection by a single hepatobiliary surgeon (D.M.N.) at the Methodist Hospital, Mayo Clinic,
Rochester. Patients with polycystic liver disease requiring major hepatic resection or hilar cho-
langiocarcinoma requiring major hepatic resection and biliary-enteric anastomosis were
excluded from the current study. In addition, patients undergoing laparoscopic hepatic resec-
tions, planned multivisceral resections, radiofrequency ablation without resection, or emergent
operations were also excluded from the study. Patients with chronic renal insufficiency were
included in the study because the protocol permits changes in medication selection and dosing
to adjust for impaired glomerular filtration rate. Patients with contraindications to neuraxial
analgesia were also enrolled. Excluding the transition interval during 2010, the current study
compared patients during a period from January 1, 2009 to December 31, 2009 (pre-ERP
group) to patients in a period from January 1, 2011 to June 30, 2011 (ERP group). Analysis was
performed on an intent-to-treat basis.

Enhanced Recovery Protocol
All patients scheduled to undergo elective open liver resection were enrolled in the ERP of Jan-
uary 1, 2011. Components of the ERP are summarized in Table 1. Components of the ERP
were based on our experience with an ERP in colorectal surgery and review of the current liter-
ature.[1,3] Key aspects of the ERP were standardized anesthetic with premedication, intrathe-
cal spinal analgesia, postoperative oral narcotics on day 0; minimization of time interval with
no oral intake; early mobilization; minimization of intraoperative and postoperative intrave-
nous fluids; removal of naso- or oro- gastric tube at the time of emergence from anesthesia
with early feeding, and standardized postoperative care. Intrathecal spinal analgesia was not
performed prior to introduction of the ERP. Subcostal or midline incision was used for all
patients. Perihepatic drainage was not a component of the ERP. Intraperitoneal surgical drains
were used selectively after major hepatectomy when concern for bile leak was present. Follow-
ing the operation, patients were transferred to the post-anesthesia care unit (PACU) and rou-
tinely transferred to a standard hospital ward for postoperative care. Transfer from the
operating room or PACU to the intensive care unit (ICU) was determined on a case-by-case
basis depending on patient co-morbidities or peri-operative hemodynamic stability. Discharge
criteria were not modified with implementation of the ERP. Patients were discharged if

Table 1. Enhanced Recovery Pathway after Hepatic Resection.

Preoperative 1 Preoperative education regarding the operation and expected recovery.

2 Omission of bowel preparation.

3 Preoperative medication with gabapentin, celecoxib, and acetaminophen.

Intraoperative

4 Standardized anesthetic with intrathecal analgesia.

Postoperative

5 Routine postoperative antiemetics.

6 Discontinuation of nasogastric tube before leaving the operating room.

7 Ketorolac/Ibuprofen and acetaminophen with supplemental oral narcotic, starting
night of operation.

8 General diet with clear liquid oral nutritional supplement, starting night of operation.

9 Enforced ambulation and in chair for all meals, starting night of operation.

10 Foley catheter removal, day after operation.

11 Minimal intravenous fluids and saline lock, day after operation.

12 Venous thromboembolism prophylaxis.

13 Standardized bowel regimen.

14 Standardized laboratory tests.

doi:10.1371/journal.pone.0150782.t001
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functionally recovered from the operation. Functionally recovered was defined as afebrile for
24 hours; normal or decreasing serum bilirubin; good pain control on oral analgesics only;
absence of intravenous fluids, tolerance of diet, and ambulation with minimal assistance.[16]

Data Acquisition and Definitions
Medical records were reviewed to extract demographic information, preoperative weight, his-
tory of liver disease, comorbidities, smoking history, prior abdominal operation, American
Society of Anesthesiology (ASA) classification, indication for operation, and pathology find-
ings. Perioperative data included type of operation, extent of hepatic resection, vascular resec-
tion and reconstruction, total intraoperative fluids, estimated blood loss, reoperation rate,
readmission rate, immediate postoperative transfer to the intensive care unit, and postoperative
30-day morbidity and mortality. Length of hospital stay was defined as the number of days in
the hospital excluding the day of the operation. Major liver resection was defined as four or
more segments removed.[24] Severity of complications was categorized using an updated ver-
sion of the T92 score referred to as the “Accordion Classification”.[25] The following categories
were used: 1) Mild–minor invasive procedure (e.g. nasogastric tube placement), minor medical
therapy (e.g. diuretic); 2) Moderate–antibiotic therapy, transfusion, parenteral nutrition; 3)
Severe–endoscopic or interventional radiology procedure, reoperation, organ failure, and 4)
Death. Major complication was defined as complication severity two or greater.

Statistical Analysis
Statistical analyses were performed using SAS1 9.1.3 (SAS Institute Inc., Cary, NC, USA). All
data were collected and managed using RedCap.[26] Univariate comparison of pre-ERP and
ERP was performed using Chi-square and Fischer exact test for categorical variables (as appro-
priate) and Wilcoxon rank-sum test for continuous variables. Continuous data was reported as
median with interquartile range (IQR) and categorical data as count and percent. Logistic
regression was used to evaluate the influence of covariates on postoperative major complication
rate and length of hospital stay. Significance was defined as p-value� 0.05.

Results
One hundred and twenty-six patients (median age 62, male 58%) were identified for the study
(pre-ERP n = 73, ERP n = 53). The main indication for open hepatic resection was colorectal
metastases (33%, n = 42). No patients underwent minimally-invasive techniques. Underlying
liver disease was uncommon (hepatitis B, n = 1; hepatitis C, n = 3; primary sclerosing cholangi-
tis, n = 2). Three patients (2.4%) had a history of cirrhosis. Comparison of clinical characteris-
tics between pre-ERP and ERP groups is summarized in Table 2. Age, sex, American Society of
Anesthesiologists (ASA) score, comorbidities, alcohol abuse, and tobacco use were not signifi-
cantly different between pre-ERP and ERP groups (all p> 0.1).

Major hepatectomy (4 or more segments) was performed in 37% (n = 47) of patients. Only
five patients (4%) required vascular repair or reconstruction. Comparison of operative details
between pre-ERP and ERP groups is summarized in Table 3. Type of procedure, vascular
repair or reconstruction, use of radiofrequency ablation, estimated blood loss, and need for
intraoperative blood transfusion were not significantly different between pre-ERP and ERP
groups (all p> 0.100).

To determine the safety of the enhanced recovery pathway, overall complication and major
complication rates were compared between pre-ERP and ERP groups. Clinical outcomes are
summarized in Table 4. Overall, four patients (3.2%) required reoperation within 30 days for
intra-abdominal bleeding (n = 3) and fascial dehiscence (n = 1). Unplanned transfer to the
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intensive care unit for postoperative complication was not different between the ERP vs. pre-
ERP group, (7.6% vs. 13.7%, p = 0.392). Overall complication rate did not differ between the
ERP vs. pre-ERP group, (28.3% vs. 37.0%, p = 0.343). Major complication rate was also similar
between the ERP vs. pre-ERP group, (13.2% vs. 26.0%, p = 0.118). After adjusting for age, type
of resection, and ASA, patients in the ERP group had no increased risk of major complication
(OR 0.38, 95% CI 0.14–1.02, p = 0.055) compared to pre-ERP cohort. Comparison of specific
postoperative complications between pre-ERP and ERP groups is summarized in Table 5.

Median length of hospital stay was the same for pre-ERP and ERP groups, 5 days (4–7) and 5
days (4–6), respectively, p = 0.708. After adjusting for age, type of resection, and ASA, there was
no difference in risk of length of hospitalization exceeding 5 days between the ERP vs. pre-ERP
groups (OR 1.21, 95% CI 0.56–2.62, p = 0.627). Rates of 90-day post-operative re-admission did
not differ between pre-ERP and ERP groups, 2.7% and 3.8%, respectively, p> 0.999. Indication

Table 2. Comparison of clinical characteristics between Pre- ERP vs. ERP groups.

Variable Overall (n = 126) Pre-ERP (n = 73) ERP (n = 53) p-value

Age, median (IQR) 62 (50–72) 65 (51–73) 59 (47–68) 0.114

Male Sex, No. (%) 58 (46.0) 36 (49.3) 22 (41.5) 0.470

ASA, No. (%)

I 4 (3.2) 3 (4.1) 1 (1.9) 0.709

II 71 (56.4) 42 (57.5) 29 (54.7)

III 51 (40.5) 28 (38.4) 23 (43.4)

Comorbidity, No. (%)

Chronic Renal Failure 5 (4.0) 3 (4.1) 2 (3.8) >0.999

Diabetes Mellitus 24 (19.1) 13 (17.8) 11 (20.8) 0.819

Coronary Artery Disease 8 (6.4) 6 (8.2) 2 (3.8) 0.466

Obesity, BMI > 30, No. (%) 46 (36.5) 24 (32.9) 22 (41.5) 0.353

COPD 6 (4.8) 4 (5.5) 2 (3.8) >0.999

Alcohol Abuse, No. (%) 15 (11.9) 10 (13.7) 5 (9.4) 0.582

History of Tobacco Use, No. (%) 68 (54.0) 38 (52.1) 30 (56.6) 0.718

Prior Abdominal Operation, No. (%) 96 (76.2) 53 (72.6) 43 (81.1) 0.297

Prior Hepatic Resection, No. (%) 16 (12.7) 7 (9.6) 9 (17.0) 0.281

Liver Disease, No. (%)

Hepatitis B 1 (0.8) 1 (1.4) 0 (0) >0.999

Hepatitis C 3 (2.4) 1 (1.4) 2 (3.8) 0.572

Cirrhosis 3 (2.4) 2 (2.7) 1 (1.9) >0.999

Primary Sclerosing Cholangitis 2 (1.6) 1 (1.4) 1 (1.9) >0.999

Indication for Operation, No. (%)

Colorectal Metastases 42 (33.3) 22 (30.1) 20 (37.7) 0.317

Cholangiocarcinoma 20 (15.9) 14 (19.2) 6 (11.3)

Hepatocellular Carcinoma 18 (14.3) 8 (11.0) 10 (18.9)

Benign Primary Liver Tumor 16 (12.7) 12 (16.4) 4 (7.6)

Neuroendocrine Metastases 13 (10.3) 8 (11.0) 5 (9.4)

Gallbladder Carcinoma 8 (3.4) 3 (4.1) 5 (9.4)

Other 9 (7.1)* 6 (8.2) 3 (5.7)

MELD, Model for End Stage Liver Disease; COPD, Chronic Obstructive Pulmonary Disease; IQR, Interquartile Range; ASA, American Society of

Anesthesiologists; ERP, enhanced recovery pathway

* Other included hemangioma n = 6, intrahepatic biliary benign stricture n = 1, indeterminate intrahepatic fibrous tumor n = 1, and primary hepatic

neuroendocrine tumor n = 1.

doi:10.1371/journal.pone.0150782.t002
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for readmission was as follows: biloma (n = 1), hepatic insufficiency (n = 1), postoperative nausea
and vomiting (n = 1), and hepatic vein outflow obstruction (n = 1). Sub-group analysis of major
hepatectomy patients did not demonstrate significant differences in LOS (p = 0.350) before and
after introduction of ERP. However, for major hepatectomy patients, the minimum LOS for ERP
patients was two days compared with four days in historical controls.

Discussion
Multiple studies have demonstrated that coordinated multidisciplinary clinical care pathways
can decrease variability and improve outcomes after major gastrointestinal operations.[2,4–
6,8–11,13,14,16] Lemmens et al., in a systematic review, outlined that clinical pathways can
decrease length of stay without adversely impacting postoperative complication rates, re-

Table 3. Comparison of operative details between Pre-ERP vs. ERP groups.

Variable Overall (n = 126) Pre-ERP (n = 73) ERP (n = 53) p-value

Major Hepatic Liver Resection, No. (%) 47 (37.3) 30 (41.1) 17 (32.1) 0.353

Procedure, No. (%)

Subsegmentectomy 22 (17.5) 13 (17.8) 9 (17.0) 0.861

Multiple Subsegmentectomies 30 (23.8) 16 (21.9) 14 (26.4)

Single Segmentectomy 9 (7.1) 5 (6.9) 4 (7.6)

Multiple Segments 24 (19.1) 12 (16.4) 12 (22.6)

Hepatectomy 29 (23.0) 19 (26.0) 10 (18.9)

Extended Hepatectomy 12 (9.5) 8 (11.0) 4 (7.6)

Vascular Resection or Repair, No. (%) 5 (4.0) 3 (4.1) 2 (3.8) >0.999

Radiofrequency Ablation, No. (%) 18 (14.3) 10 (13.7) 8 (15.1) >0.999

Estimated Blood Loss, ml, median (IQR) 400 (150–650) 400 (150–600) 350 (200–700) 0.812

Intraoperative Blood Transfusion, No. (%) 17 (13.5) 11 (15.1) 6 (11.3) 0.606

Intraoperative IV Fluids, ml, median (IQR) 3000 (2250–4000) 3000 (2000–4000) 3500 (2500–4100) 0.044

Transfer to ICU Immediately After Operation, No. (%) 8 (6.4) 4 (5.5) 4 (7.6) 0.720

IQR, Interquartile Range; ICU, Intensive Care Unit; ERP, Enhanced Recovery Pathway

doi:10.1371/journal.pone.0150782.t003

Table 4. Comparison of postoperative outcomes between Pre- ERP vs. ERP groups.

Variable Overall (n = 126) Pre-ERP (n = 73) ERP (n = 53) p-value

Length of Stay, days, median (IQR) 5 (4–7) 5 (4–7) 5 (4–6) 0.708

Postoperative Blood Transfusion, No. (%) 4 (3.2) 2 (2.7) 2 (3.8) >0.999

Percutaneous Drainage, No. (%) 5 (4.0) 4 (5.5) 1 (1.9) 0.397

Reoperation, No. (%) 4 (3.2) 2 (2.7) 2 (3.8) >0.999

Unplanned Postoperative ICU Transfer, No. (%) 14 (11.1) 10 (13.7) 4 (7.6) 0.392

Readmission, 90-day, No. (%) 4 (3.2) 2 (2.7) 2 (3.8) >0.999

Any Complication, No. (%) 42 (33.3) 27 (37.0) 15 (28.3) 0.343

Complication Severity Score, No. (%)

None 84 (66.7) 46 (63.0) 38 (71.7) 0.476

Mild 16 (12.7) 8 (11.0) 8 (15.1)

Moderate 16 (12.7) 11 (15.1) 5 (9.4)

Severe 9 (7.1) 7 (9.6) 2 (3.8)

Death 1 (0.8) 1 (1.4) 0 (0)

IQR, Interquartile Range; ICU, intensive care unit; ERP, Enhanced Recovery Pathway

doi:10.1371/journal.pone.0150782.t004
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admission rates, or mortality.[1] However, data to support safety of fast-track and ERP for
hepatic resection is limited.[21,22] The current study sought to investigate the safety of a multi-
modal ERP for patients after hepatic resection. Comparison of pre-ERP and ERP patients dem-
onstrated no increase in overall and major complication rates. Despite significant involvement
of providers throughout the patient’s hospital course and a regimented care pathway, length of
stay and percent re-admitted were similar between pre-ERP and ERP groups.

While the current study does not demonstrate a clear benefit of an ERP over standard care,
our study does suggest a tendency toward a lower number of patients in the ERP group who
encountered complications. Similarly, fewer patients required transfer to the ICU for complica-
tions in the ERP group. Specifically, in the ERP group, the number of patients developing respi-
ratory and venous complications (pulmonary emboli, deep vein thrombosis) was slightly lower
possibly due to early mobilization and routine use of intrathecal analgesia.

In an international survey of hepatobiliary centers by Wong-Lun-Hing et al., 28% (45 of
161) of medical centers had experience with fast-track perioperative care for patients after
hepatic resection.[20] In this same study, surgeon-reported median length of stay was five days
in North America and seven days in Europe for patients treated with open hepatic resection.
Consistent with other hepatobiliary centers in the United States, our median length of stay was
five days. Previous studies report a two to three day decrease of length of stay with introduction
of an ERP.[16,19,23] The decrease in length of stay reported in these studies may be a reflection
of changes in surgical dogma among general surgery practices or changes in patient expecta-
tions and cultural shifts in perioperative care rather than the direct result of individual compo-
nents of the ERP.[16,23] Nursing engagement before and after surgery may have also played a
role in minimal change in LOS with introduction of the ERP. Future studies will need to inves-
tigate the specific clinical and financial benefit of each component of the ERP. With introduc-
tion of laparoscopic and less invasive techniques, length of stay for hepatic resection will likely
go below the apparent threshold of five days for open hepatic resection.

The current study has several limitations. It was a retrospective comparative cohort study
limited to a single surgeon’s practice. The study is limited to open procedures and does not

Table 5. Comparison of specific postoperative complications between Pre- ERP vs. ERP groups. No significant differences between individual compli-
cations were identified (all p-values > 0.1).

Complication* Overall (n = 126) Pre-ERP (n = 73) ERP (n = 53)

Acute Renal Failure 5 (4.0) 3 (4.1) 2 (3.8)

Bile Leak 6 (4.8) 5 (6.9) 1 (1.9)

Deep Venous Thrombosis 4 (3.2) 3 (4.1) 1 (1.9)

Pulmonary Embolism 3 (2.4) 2 (2.7) 1 (1.9)

Intra-abdominal Bleeding 3 (2.4) 1 (1.4) 2 (3.8)

Hepatic Insufficiency 3 (2.4) 3 (4.1) 0 (0)

Ileus 8 (6.4) 5 (6.9) 3 (5.7)

Pneumonia 6 (4.8) 5 (6.9) 1 (1.9)

Respiratory failure requiring intubation 4 (3.2) 4 (5.5) 0 (0)

Septic Shock 1 (0.8) 1 (1.4) 0 (0)

Superficial Skin Infection 2 (1.6) 0 (0) 2 (3.8)

Cardiac Dysrhythmia 5 (4.0) 3 (4.1) 2 (3.8)

*Other complications not listed include severe postoperative delirium (n = 1), chylous ascites (n = 1), and failure to thrive requiring total parental nutrition

(n = 1). Complications due to myocardial infection, bacteremia, or intra-abdominal abscess unrelated to bile leak were not identified during the study

period

doi:10.1371/journal.pone.0150782.t005
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address the potential benefit of laparoscopic approaches. In our experience, laparoscopic liver
resection significantly reduces length of hospital stay by two to four days. However, major
hepatic resection represents a small proportion of laparoscopic procedures at our institution
and elsewhere.[19,27] Additionally, although providers throughout the patient’s care pathway
received training on the hepatic ERP, we did not measure provider or patient compliance. In a
prospective study design, we would be able to measure compliance to an ERP as well as evalu-
ate the potential benefits particularly related to improved pain control, quality-of-life, and
patient satisfaction. Since this was a study focused on the safety of an ERP for patients with
hepatic resection, we also did not evaluate the potential financial benefit of ERP. Lastly, the cur-
rent study was performed in a high-volume hepatobiliary center with a senior hepatobiliary
surgeon. The potential benefits of a hepatic ERP may be more evident in other hospital
settings.

In conclusion, implementation of an ERP for open hepatic resection is safe and does not
increase perioperative morbidity or mortality. While prior studies of enhanced recovery path-
ways for major gastrointestinal procedures indicate a reduction in length of stay, length of stay
was unaffected by implementation of an ERP for patients undergoing hepatic resection.
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