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Background Liver metastases arise frequently from primary colorectal, pancreatic, and breast 
cancers. Research has highlighted the patient’s frailty status as an important predictor of outcomes, 
but the literature evaluating the role of frailty in patients with secondary metastatic disease of the 
liver remains limited. Using predictive analytics, we evaluated the role of frailty in patients who 
underwent hepatectomy for liver metastases.

Methods We used the Nationwide Readmissions Database from 2016-2017 to identify patients 
who underwent resection of a secondary malignant neoplasm of the liver. Patient frailty was 
evaluated using the Johns Hopkins Adjusted Clinical Groups (JHACG) frailty-defining diagnosis 
indicator. Propensity score matching was performed and Mann-Whitney U testing was used to 
analyze complication rates. Receiver operating characteristic (ROC) curves were created following 
creation of logistic regression models for predicting discharge disposition.

Results Frail patients reported significantly higher rates of nonroutine discharges, longer inpatient 
stays, greater costs, higher rates of acute infection, posthemorrhagic anemia, urinary tract infection 
(UTI), deep vein thrombosis (DVT), wound dehiscence and readmission, and greater mortality 
(P<0.05). Predictive models for patient discharge disposition, DVT and UTI demonstrated that 
the use of frailty status and age improved the area under the ROC curves significantly compared 
to models using age alone.

Conclusions Frailty was found to be significantly correlated with higher rates of medical 
complications during inpatient stay following hepatectomy in patients with liver metastasis. The 
inclusion of patient frailty status in predictive models improved their predictive capacity compared 
to those using age alone.
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Introduction

Liver metastases are neoplasms that have spread from 
cancer elsewhere in the body [1], arising most frequently 
from colorectal, pancreatic, and breast cancers. In fact, 50% 
of patients with colorectal cancer are diagnosed with liver 
metastases [2]. The liver is the most common organ affected 
by metastasis, because of its large blood supply [1,3]. As the 
incidence of colon cancer continues to rise, it is increasingly 
important to categorize its association with liver metastases [4]. 
The median 1-year survival rate of patients with liver metastases 
(15.1%) is significantly lower than the 1-year survival rate for 
patients diagnosed with non-hepatic metastases (24.0%). In a 
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study that reviewed 2.4 million patients diagnosed with any 
type of cancer, 5.14% presented with liver metastases at the 
time of initial diagnosis. The most frequent primary cancer 
sources in this study were the pancreas (35.6%) and colon-
rectum (26.9%) [5]. Despite their advanced cancer stage, most 
of these patients were asymptomatic, with only some reporting 
constitutional symptoms [1]. In fact, liver metastases are more 
common than primary liver cancer in the US, with 5-year 
survival rates ranging around 25% for those not receiving 
early surgical intervention [6]. The most common treatment 
of liver metastases remains surgical resection [7], although 
these cases are frequently inoperable because of the heavy 
metastatic burden. Even with resection, the prognosis of this 
disease remains extremely poor, with recurrence of disease in 
two thirds of patients [7,8].

Frailty is an important factor affecting patients’ health 
outcomes, as it reflects the patients’ overall physiological 
reserve [9]. Frailty is defined as an age-associated condition 
that reduces the patient’s physiologic ability to handle stressors, 
both chronic and acute [10]. Regarding patients undergoing 
elective surgery, frailty has been reported to be a more 
accurate predictor of outcomes than an array of other patient 
demographics, including age [11]. In fact, frailty has proved 
to be an independent, more accurate preoperative predictive 
risk factor, even after adjustment for socioeconomic status, 
depression, and disability [12].

Because frailty is an important risk factor affecting health 
outcomes, we aimed to investigate its role in predicting 
outcomes in patients with liver metastases who underwent 
surgical resection. We hypothesized that frail patients would 
have a higher rate of postoperative complications and longer 
hospital stays. Finally, using statistical modeling and predictive 
analytics, we investigated the relationship between patient’s 
frailty status and perioperative outcomes. The goals of this 
study were to help surgeons better identify which patients 
are metastasectomy candidates, to improve perioperative 
management for frail patients, and to assist physicians in 
communicating more accurate prognoses to patients diagnosed 
with secondary metastatic disease of the liver.

Materials and methods

Data source

In this study, we used the 2016 and 2017 Healthcare Cost 
and Utilization Project (HCUP) Nationwide Readmissions 
Database (NRD). The NRD is an annually updated database 

that contains national information regarding inpatient 
demographics, diagnoses, procedures and readmissions. Each 
year of the NRD can be purchased from the HCUP website 
and is designed to facilitate a nationally-representative analysis 
of inpatients and readmissions when the appropriate NRD 
discharge weights are applied. Patient hospital admissions are 
de-identified and are represented as unique patient linkages 
to allow for accurate patient tracking throughout the calendar 
year. Patient diagnoses and procedures of interest for this study 
were queried using the International Classification of Diseases, 
Tenth Revision (ICD-10) codes in combination with cost-to-
charge ratios. The latter are imputed from national hospital-
specific or hospital-group-averaged all-payer inpatient cost 
data, which may be used to convert total hospital charges to all-
payer inpatient costs. Institutional Review Board approval was 
not necessary as this study was based on a publicly available 
de-identified dataset.

Patient sample

Between 2016 and 2017, we identified a total of 28,781 
inpatient admissions with ICD-10 codes for liver resection 
procedures (ICD-10: 0FT0xZZ, 0FBxxZZ). Within this cohort, 
appropriate coding was utilized to identify 10,799  (37.5%) 
patients who underwent a liver resection procedure for liver 
metastases. Frail patients were identified using the Johns 
Hopkins Adjusted Clinical Groups (JHACG) frailty-defining 
diagnosis indicator, which uses 10 categories of ICD-10 
codes (malnutrition, dementia, vision impairment, decubitus 
ulcer, urine control, weight loss, fecal control, social support, 
difficulty walking, and history of a fall) to predict a patient’s 
frailty status [13]. A patient is deemed categorically frail if at 
least one of these comorbidities has been discovered. Frailty 
is measured over 5 phenotypic characteristics, including 
accidental weight loss, tiredness, poor energy expenditure, 
limited grip strength and/or sluggish walking pace. This 
measure, which takes into account the decline in a number of 
physiological systems, was created to help medical professionals 
identify people more susceptible to suffering negative health 
effects [13]. Several studies have confirmed the clinical validity 
of the JHACG frailty-defining diagnosis indicator [13-16].

Based on the above, the cohort was then subdivided into 
frail (n=766) and propensity score matched non-frail (n=749) 
patients. Nearest-neighbor propensity score matching for age, 
sex, Elixhauser Comorbidity Index (ECI), insurance type, 
median income by ZIP code, and NRD discharge weighting 
was performed using the R “MatchIt” algorithm [17]. In 
this technique, parametric models are chosen based on the 
minimum “distance” parameter, determined through logistic 
regression models that minimize the propensity score with no 
replacement. MatchIt improves parametric statistical models 
and reduces model dependence by preprocessing data with 
semi-parametric and non-parametric matching methods. 
Model balance, defined as the similarity of empirical covariate 
distributions between the 2 groups undergoing propensity 
matching, is analyzed and the model with the best balance is 
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selected to ensure the best model fit (Fig.  1). Complications 
queried for analysis in this study included postoperative 
infections, acute posthemorrhagic anemia, ileus, wound 
dehiscence, mortality, readmission rates, urinary tract infection 
(UTI), pulmonary embolism (PE), deep vein thrombosis 
(DVT), inpatient length of stay (LOS), costs, and discharge 
disposition. Nonroutine discharges were defined as discharges 
to places other than home (e.g., skilled nursing facility, home 
health care, short-term care facility, etc.)

Statistical analysis

All statistical analysis was conducted in RStudio 
(Version 1.3.959). Following propensity score matching, 
chi-squared tests were performed to evaluate differences 
between categorical variables. Mann-Whitney U test was 
performed to evaluate statistically significant differences in 
continuous data. Continuous variables followed a normal 
distribution and are thus reported as mean ± standard 
deviation. Binarized patient complication variables were 
analyzed using the “Epitools” package, with post hoc 
receiver operating characteristic (ROC) curves implemented 
following the creation of logistic regression models for 
relevant postoperative complications, using both age and 
frailty status as predictor variables. ROC curves were 
constructed for outcomes including nonroutine discharge, 
DVT and UTI, as these complications showed the greatest 
improvement in predictive power with the addition of frailty 
when considered against age alone. The area under the curve 
(AUC) of each ROC was computed and served as a proxy 
for model performance. DeLong’s test for 2 correlated ROC 
curves was utilized to compare ROC AUCs. All statistical 
tests were 2-sided, with P<0.05 defined as significant.

Results

Demographics

The average age of the frail cohort was 61.5±14.2 years and 
49.0% were female. The average age of the non-frail cohort 
was found to be 62.7±13.4  years and 48.6% were female. 
Because the 2 cohorts were propensity score matched, the 
age, sex, ECI, insurance type and median income quartile by 
ZIP code did not differ statistically between the 2 cohorts. No 
significant differences in hospital size (P=0.63) or teaching 
status (P=0.66) were found between the 2 cohorts. However, 
significant differences were found between frail and non-frail 
patients when comparing discharge disposition (P<0.001) 
(Table 1).

Predictive models and ROC analysis

Two sets of logistic regression models were developed: 
the first used age alone as the primary predictor, and the 
second used patient frailty status and age as the primary 
predictors. These models were used to assess the predictive 
capabilities of age and frailty status for nonroutine discharge, 
DVT and UTI. ROCs were plotted for both the logistic 
regression models for each outcome (Fig. 2-4). As the figures 
show, the logistic regression models using frailty and age as 
primary predictors outperformed the model using age alone. 
In addition, the AUC of the ROC incorporating frailty was 
found to be significantly higher when compared to age alone 
for nonroutine discharge (P=0.017), DVT (P=0.040), and 
UTI (P=0.040).

Distribution of Propensity Scores

Unmatched Treatment Units

Matched Treatment Units

Matched Control Units

Unmatched Control Units

Propensity Score
0.0 0.2 0.4 0.6 0.8 1.0

Figure 1 Distribution of propensity scores following matching. Frail 
patients are shown as Matched Treatment Units and propensity 
matched non-frail patients are shown as the Matched Control Units. 
The Unmatched Control Units represent non-frail patients who were 
not chosen by the propensity matching algorithm. The comparable 
distribution of patients in both matched treatment and control units 
implies achievement of excellent propensity score matching
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Figure  2 Receiver operating characteristic (ROC) plot for prediction 
of nonroutine discharge status. The black ROC represents the logistic 
model using age alone as the primary predictor, the blue ROC represents 
the logistic model using frailty alone as the primary predictor, and the 
red ROC represents the logistic model using frailty status and age as the 
primary predictors. A noticeable increase in predictive power occurs 
when frailty is jointly considered for prediction of discharge status
AUC, area under the curve
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Table 1 Demographics of frail and non-frail patients

Characteristics Frail patients
(n=766)

Propensity matched 
non-frail patients  

(n=749)

P-value

Age (years) 61.5±14.2 62.7±13.4 0.21

Elixhauser comorbidity index 7.2±3.2 7.1±3.2 0.76

Sex 
Female, n (%)
Male, n (%)

375 (49.0%)
391 (51.0%)

364 (48.6%)
385 (51.4%)

0.78

Insurance 
Medicare, n (%)
Medicaid, n (%)
Private, n (%)
Other, n (%) 

370 (48.3%)
105 (13.7%)
259 (33.8%)

32 (4.2%)

400 (53.4%)
49 (6.5%)

283 (37.8%)
17 (2.3%)

0.68

Median income by zip code 
Quartile 1, n (%) 
Quartile 2, n (%) 
Quartile 3, n (%) 
Quartile 4, n (%) 

202 (26.4%)
186 (24.3%)
211 (27.5%)
168 (21.9%)

201 (26.8%)
181 (24.2%)
166 (22.2%)
202 (27.0%)

0.83

Hospital type 
Metropolitan non-teaching, n (%) 
Metropolitan teaching, n (%) 
Non-metropolitan, n (%) 

57 (7.4%)
698 (91.1%)

12 (1.5%)

67 (8.9%)
673 (90.0%)

9 (1.1%)

0.66

Discharge disposition 
Routine, n (%) 
Nonroutine, n (%) 

350 (45.7%)
416 (54.3%)

489 (65.3%)
260 (34.7%)

<0.001
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Figure 4 Receiver operating characteristic (ROC) plot for prediction 
of postoperative urinary tract infection (UTI). The black ROC 
represents the logistic model using age alone as the primary predictor, 
the blue ROC represents the logistic model using frailty alone as the 
primary predictor, and the red ROC represents the logistic model 
using frailty status and age as the primary predictors. A  noticeable 
increase in predictive power occurs when frailty is jointly considered 
for prediction of UTI
AUC, area under the curve
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Figure 3 Receiver operating characteristic (ROC) plot for prediction 
of postoperative deep vein thrombosis (DVT). The black ROC 
represents the logistic model using age alone as the primary predictor, 
the blue ROC represents the logistic model using frailty alone as the 
primary predictor, and the red ROC represents the logistic model 
using frailty status and age as the primary predictors. A noticeable 
increase in predictive power occurs when frailty is jointly considered 
for prediction of DVT
AUC, area under the curve

Postoperative complication rates

During the primary admission, the costs associated 
with the inpatient stay were significantly higher for 
frail patients compared to non-frail patients (Frail: 

$63,164.99±$102,884.00 vs. Non-Frail: $37,103.88±$31,366.27; 
P<0.001). Similarly, frail patients had a significantly 
greater inpatient LOS compared to non-frail patients, 
despite propensity score matching for demographics (Frail: 
16.5.0±22.7 days vs. Non-Frail: 8.3±7.2 days; P<0.001).
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Complication rates were found to be significantly higher in 
frail patients compared to non-frail patients. More specifically, 
frail patients had higher rates of postoperative infection 
(P<0.001), acute posthemorrhagic anemia (P<0.001), UTI 
(P=0.0053), DVT (P=0.0093), wound dehiscence (P=0.0026), 
mortality (P=0.0076), and readmission (P=0.0057) (Table  2). 
However, rates of pneumonia (P=0.25), PE (P>0.99), and ileus 
(P=0.58) were not significantly different between the 2 cohorts.

Discussion

In this retrospective study of patients treated surgically 
for secondary metastatic disease of the liver in 2016 and 
2017, we investigated the influence of frailty on perioperative 
complications. Using propensity score matching techniques, 
we analyzed the association between frailty and complications 
of interest, while controlling for demographic confounders. 
Further modeling allowed for the creation of several ROCs for 
nonroutine discharge, DVT and UTI, which demonstrated that 
the addition of frailty to age alone within predictive models 
improved the AUC significantly. This study contributes to 
the body of work dedicated to improving the postoperative 
management of patients who undergo surgical intervention for 
metastasis to the liver, highlighting specific complications that 
may predominate in frail populations.

Over the last several decades, frailty has become a topic of 
particular interest in hepatobiliary surgery, and has been shown 
to be highly correlated with rates of postoperative morbidity 
and mortality [18-20]. A 2018 review by Laube et al concluded 
that frailty may affect 17-43% of patients with advanced liver 
disease: frail patients who undergo hepatectomy have a higher 
incidence of postoperative complications, with a longer LOS and 
greater short- and long-term mortality [18,21-24]. In addition, 

2 recent 2020 and 2021 studies by Yamada et al demonstrated 
that elderly frail patients undergoing surgery for hepatocellular 
carcinoma (HCC) had significantly worse overall and disease-
free survival compared to non-frail patients [19,20]. These 
findings suggest that, even when controlling for age, elderly 
patients who meet clinical criteria for frailty continue to have 
worse perioperative outcomes. In other words, the decreased 
physiological reserve that defines frailty is poorly captured by 
age alone; thus, considering age together with patient frailty 
status may provide a superior predictor of perioperative 
morbidity.

Furthermore, while frailty has been well studied within the 
field of hepatobiliary surgery, data outlining the influence of 
frailty in patients with metastatic disease to the liver are still 
limited. A 2021 study by Tokuda et al used multivariate regression 
analysis to assess the role of frailty in 29 frail and 58 non-frail 
patients with primary colorectal cancer (CRC) metastatic to the 
liver [25]. Their study found that overall and disease-specific 
survival rates were significantly worse in frail patients, while 
21 of 58  patients with disease recurrence were frail patients, 
representing 72.4% of the frail cohort [25]. Similar findings were 
also demonstrated in a 2021 study by Dauch et al, who used the 
modified frailty index and multivariable regression analysis to 
evaluate the influence of frailty on postoperative outcomes in 
patients with primary CRC metastatic to the liver [26]. In their 
study, they found that frail patients had significantly higher 
rates of minor/major complications, readmissions, unfavorable 
discharges and mortality, and a longer LOS [26]. While both of 
these studies contribute important information to the existing 
literature, our study expands upon these studies in several 
important ways. First, we used propensity score matching 
techniques, which have been shown to be more robust in 
estimating causal effects using observational data compared to 
multivariate and multivariable analyses [27]. Additionally, our 
study included all patients with secondary metastatic disease 

Table 2 Complications in frail and non-frail patients

Complications Frail patients
(n=766)

Propensity matched non-frail 
patients (n=749)

P-value

Mean all-payer cost $63,164.99±$102,884.00 $37,103.88±$31,366.27 <0.001

Mean LOS (days) 16.5±22.7 8.3±7.2 <0.001

Infection 144 (18.8%) 48 (6.4%) <0.001

Acute posthemorrhagic anemia 216 (28.2%) 163 (21.8%) <0.001

Pneumonia 62 (8.1%) 38 (5.1%) 0.25

UTI 79 (10.3%) 39 (5.2%) 0.0053

DVT 54 (7.0%) 22 (2.9%) 0.0093

PE 23 (3.0%) 23 (3.1%) >0.99

Ileus 103 (13.4%) 70 (9.3%) 0.58

Wound dehiscence 30 (3.9%) 8 (1.1%) 0.0026

Mortality 52 (6.8%) 19 (2.5%) 0.0076

Readmission 390 (50.9%) 308 (41.1%) 0.0057
LOS, length of hospital stay; UTI, urinary tract infection; DVT, deep vein thrombosis; PE, pulmonary embolism
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to the liver captured in the NRD, allowing our models to be 
applicable to all patients with liver metastasis, regardless of the 
primary origin of the cancer.

Because frailty is undeniably associated with worse 
outcomes, several studies have investigated interventions 
that may reduce frailty burden and improve frail patients’ 
outcomes. Frailty is associated with a reduced physiologic 
reserve and resistance to stressors, resulting in vulnerability to 
adverse outcomes [18,28]. Intuitively, approaches that increase 
physiological reserve could act as a means of combating frailty. 
In a 2021 propensity score-matched study by Tsuchihashi 
et al, patients were started on an exercise regimen the day 
after HCC resection, and received interventions in the form of 
physical therapy 5 days per week, ranging through stretching, 
resistance, balance and aerobic exercises [29]. They found 
that the patients who completed an in-hospital exercise 
regimen improved their frailty status and had lower rates of 
postoperative complications [29]. This study suggests that 
specific in-hospital interventions may prevent the development 
of frailty-associated illnesses following surgical intervention for 
liver cancer. However, they are limited by patient compliance 
and additional studies are necessary to demonstrate the same 
findings in patients with secondary metastatic disease of the 
liver. In addition, a broad body of literature has evaluated the 
influence of nutrition on frailty. Specifically, adequate energy 
intake, especially protein intake, has been shown to reduce 
rates of frailty in large population studies and systematic 
reviews [30,31]. Thus, a combination of adequate preoperative 
nutrition and postoperative physical therapy may reduce rates 
of patient frailty, leading to lower perioperative complication 
rates in patients like those in our cohort.

This study has several limitations, including those inherent 
in retrospective cohort analyses. Namely, the quality of analysis 
is dependent on the depth and accuracy of patient encounters 
documented in the NRD, and Berkson’s bias is present when 
working with inpatient databases. Furthermore, this study is 
limited by its retrospective nature, focusing on a narrow range 
of time (2016 and 2017 only). However, the choice of dates was 
due to the implementation of mandatory ICD-10 coding in late 
2015, which allowed for more detailed codes to be drawn for 
analysis. Lastly, the NRD allows for retrospective readmission 
analysis within one calendar year (January to December). 
Therefore, additional readmissions not occurring within the 
same calendar year are not captured and cannot be analyzed 
using the NRD.

Our study suggests that patient frailty status strongly 
correlates with rates of medical complications, costs, LOS and 
discharge disposition in patients with secondary metastatic 
disease of the liver following surgical intervention. Frailty also 
improved the prediction of nonroutine patient discharges, DVT 
and UTI, compared to patient age alone, when incorporated into 
logistic models. Overall, frailty represents a robust predictor 
of patient outcomes and a better understanding of frailty may 
aid surgeons’ decision-making following surgical intervention 
for liver metastases. Further research, including multicenter 
analyses with a large number of participants, is necessary to 
fully understand the influence of frailty on outcomes in patients 
with secondary metastatic disease of the liver.

References

1. Tsilimigras DI, Brodt P, Clavien PA, et al. Liver metastases. Nat Rev 
Dis Primers 2021;7:27.

2. Chow FC, Chok KS. Colorectal liver metastases: an update on 
multidisciplinary approach. World J Hepatol 2019;11:150-172.

3. Clark AM, Ma B, Taylor DL, Griffith L, Wells A. Liver metastases: 
microenvironments and ex-vivo models. Exp Biol Med (Maywood) 
2016;241:1639-1652.

4. Rawla P, Sunkara T, Barsouk A. Epidemiology of colorectal cancer: 
incidence, mortality, survival, and risk factors. Prz Gastroenterol 
2019;14:89-103.

5. Horn SR, Stoltzfus KC, Lehrer EJ, et al. Epidemiology of liver 
metastases. Cancer Epidemiol 2020;67:101760.

6. Wagner JS, Adson MA, Van Heerden JA, Adson MH, Ilstrup DM. 
The natural history of hepatic metastases from colorectal cancer. 
A comparison with resective treatment. Ann Surg 1984;199:502-508.

7. Nordlinger B, Sorbye H, Glimelius B, et al; Fédération Francophone 
de Cancérologie Digestive (FFCD). Perioperative FOLFOX4 
chemotherapy and surgery versus surgery alone for resectable liver 
metastases from colorectal cancer (EORTC 40983): long-term 
results of a randomised, controlled, phase 3 trial. Lancet Oncol 
2013;14:1208-1215.

8. Keirsse J, Van Damme H, Geeraerts X, Beschin A, Raes G, 
Van Ginderachter JA. The role of hepatic macrophages in liver 
metastasis. Cell Immunol 2018;330:202-215.

Summary Box

What is already known:

•	 Research has highlighted patient frailty status as an 
important predictor of outcomes

•	 A variety of therapeutic agents have been evaluated 
to prevent postoperative recurrence endoscopically 
and clinically, and to induce and maintain remission

•	 Frailty is a more accurate preoperative predictive 
risk factor, even after adjusting for socioeconomic 
status, depression, and disability

•	 Frailty in hepatobiliary surgery has been shown to 
be correlated with rates of postoperative morbidity 
and mortality

What the new findings are:

•	 Frailty was found to be significantly correlated 
with higher rates of medical complications during 
inpatient stay following hepatectomy in patients 
with liver metastasis

•	 Inclusion of patient frailty status in predictive 
models improved their predictive capacity compared 
to those using age alone

•	 Predictive modeling allowed for the creation of several 
receiver operating characteristic curves for nonroutine 
discharge, deep vein thrombosis and urinary tract 
infection, which demonstrated that the addition of 
frailty to age alone within predictive models improved 
the area under the curve significantly



 Frailty in patients with liver metastases 339

Annals of Gastroenterology 36

9. Shahrestani S, Lehrich BM, Tafreshi AR, et al. The role of frailty in 
geriatric cranial neurosurgery for primary central nervous system 
neoplasms. Neurosurg Focus 2020;49:E15.

10. Xue QL. The frailty syndrome: definition and natural history. Clin 
Geriatr Med 2011;27:1-15.

11. Makary MA, Segev DL, Pronovost PJ, et al. Frailty as a 
predictor of surgical outcomes in older patients. J Am Coll Surg 
2010;210:901-908.

12. Fried LP, Tangen CM, Walston J, et al; Cardiovascular Health Study 
Collaborative Research Group. Frailty in older adults: evidence for 
a phenotype. J Gerontol A Biol Sci Med Sci 2001;56:M146-M156.

13. The Johns Hopkins ACG® System. Excerpt from technical reference 
guide. Version 9.0, December 2009. Available from: https://
www.healthpartners.com/ucm/groups/public/@hp/@public/
documents/documents/dev_057914.pdf [Accessed 6 March 2023].

14. Sternberg SA, Bentur N, Abrams C, et al. Identifying frail 
older people using predictive modeling. Am J Manag Care 
2012;18:e392-e397.

15. Abrams C, Lieberman R, Weiner JP. Development and evaluation 
of the Johns Hopkins University risk adjustment models for 
Medicare+Choice plan payment. Johns Hopkins University, 
Baltimore, MD, USA, 2003. Available from: https://www.
hopkinsacg.org/document/development-and-evaluation-of-
the-johns-hopkins-university-risk-adjustment-models-for-
medicarechoice-plan-payment/[Accessed 6 March 2023].

16. McIsaac DI, Bryson GL, van Walraven C. Association of frailty 
and 1-year postoperative mortality following major elective 
noncardiac surgery: a population-based cohort study. JAMA Surg 
2016;151:538-545.

17. Ho D, Imai K, King G, Stuart EA. MatchIt: nonparametric 
preprocessing for parametric causal inference. J  Stat Softw 
2011;42:1-28.

18. Laube R, Wang H, Park L, et al. Frailty in advanced liver disease. 
Liver Int 2018;38:2117-2128.

19. Yamada S, Shimada M, Morine Y, et al. Significance of frailty in 
prognosis after hepatectomy for elderly patients with hepatocellular 
carcinoma. Ann Surg Oncol 2021;28:439-446.

20. Yamada S, Shimada M, Morine Y, et al. Significance of frailty in 

prognosis after hepatectomy in older patients with hepatocellular 
carcinoma. J Clin Oncol 2020;38(4 Suppl):590.

21. Saxton A, Velanovich V. Preoperative frailty and quality of 
life as predictors of postoperative complications. Ann Surg 
2011;253:1223-1229.

22. Dasgupta M, Rolfson DB, Stolee P, Borrie MJ, Speechley M. Frailty 
is associated with postoperative complications in older adults with 
medical problems. Arch Gerontol Geriatr 2009;48:78-83.

23. Robinson TN, Eiseman B, Wallace JI, et al. Redefining geriatric 
preoperative assessment using frailty, disability and co-morbidity. 
Ann Surg 2009;250:449-455.

24. Ethun CG, Bilen MA, Jani AB, Maithel SK, Ogan K, Master VA. Frailty 
and cancer: implications for oncology surgery, medical oncology, and 
radiation oncology. CA Cancer J Clin 2017;67:362-377.

25. Tokuda K, Morine Y, Miyazaki K, et al. Frailty can predict prognosis 
after hepatectomy in patients with colorectal liver metastasis. 
Anticancer Res 2021;41:4637-4644.

26. Dauch J, Hamidi M, Arrington AK, et al. The impact of frailty on 
patients undergoing liver resection for colorectal liver metastasis. 
J Gastrointest Surg 2022;26:608-614.

27. Amoah J, Stuart EA, Cosgrove SE, et al. Comparing propensity 
score methods versus traditional regression analysis for the 
evaluation of observational data: a case study evaluating the 
treatment of gram-negative bloodstream infections. Clin Infect Dis 
2020;71:e497-e505.

28. Fried LP, Ferrucci L, Darer J, Williamson JD, Anderson G. 
Untangling the concepts of disability, frailty, and comorbidity: 
implications for improved targeting and care. J Gerontol A Biol Sci 
Med Sci 2004;59:255-263.

29. Tsuchihashi J, Koya S, Hirota K, et al. Effects of in-hospital exercise 
on frailty in patients with hepatocellular carcinoma. Cancers 
(Basel) 2021;13:194.

30. Lorenzo-López L, Maseda A, de Labra C, Regueiro-Folgueira  L, 
Rodríguez-Villamil JL, Millán-Calenti JC. Nutritional 
determinants of frailty in older adults: a systematic review. BMC 
Geriatr 2017;17:108.

31. Cruz-Jentoft AJ, Woo J. Nutritional interventions to prevent and 
treat frailty. Curr Opin Clin Nutr Metab Care 2019;22:191-195.


