
1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18171  | https://doi.org/10.1038/s41598-024-69150-8

www.nature.com/scientificreports

A retrospective cohort study 
on enhanced recovery after surgery 
(ERAS) in patients with diabetic 
foot ulcer
Xinyuan Qin 1, Yefeng Yin 2, Lei Liu 3, Lei Gao 1, Siyang Han 1, Yijie Duan 4, Weiyan Ren 5 & 
Jiangning Wang 1*

Enhanced recovery after surgery (ERAS) has been successfully integrated into a diverse array of 
surgical fields to improve the quality and efficacy of treatment intervention. Nonetheless, the 
application of the ERAS protocol for patients with diabetic foot ulcer (DFU) subsequent to undergoing 
surgical procedures has not been previously explored. Therefore, this study aimed to investigate 
the effect of an enhanced recovery protocol on perioperative outcomes in patients with DFU 
following surgical procedures. A retrospective analysis was conducted on 112 patients with DFU 
who underwent surgery between January 2020 and December 2021 at a tertiary referral care center. 
In total, 57 patients received standard perioperative care (the non-ERAS group), and 55 patients 
received ERAS care (the ERAS group). The primary outcomes included the length of stay (LOS), wound 
healing time, patient satisfaction, and costs, serving as the basis for assessing the effectiveness of 
the two approaches. Secondary outcomes included preoperative anxiety (APAIS score), nutritional 
status (PG-SGA), pain (NRS score), the incidence of lower-extremity deep vein thrombosis (DVT), 
the reduction in lower-limb circumference, and the activity of daily living scale (Barthel Index). The 
ERAS group exhibited significantly shorter LOS (11.36 vs. 26.74 days; P < 0.001) and lower hospital 
costs (CNY 62,165.27 vs. CNY 118,326.84; P < 0.001), as well as a higher patient satisfaction score 
and Barthel Index score (P < 0.05). Additionally, we found a lower APAIS score, incidence of DVT, 
and circumference reduction in lower limbs in the ERAS group compared to the non-ERAS group 
(P < 0.05). In comparison, the wound healing time, nutritional status, and pain levels of participants in 
both groups showed no significant difference (P > 0.05). By reducing the LOS and hospital costs, and 
by minimizing perioperative complications, the ERAS protocol improves the quality and efficacy of 
treatment intervention in patients with DFU who underwent surgical procedures.

Trial registration number: ChiCTR 2200064223 (Registration Date: 30/09/2022).
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PG-SGA	� Patient-generated subjective global assessment
APAIS	� The Amsterdam preoperative anxiety and information scale
FTS	� Fast-track surgery
MDT	� Multidisciplinary treatment
IWGDF	� International working group on the diabetic foot
ABI	� Ankle brachial index
CRP	� C-reactive protein
ONS	� Oral nutritional supplements
PNBs	� Peripheral nerve blocks

Enhanced recovery after surgery (ERAS), also known as fast-track surgery (FTS), refers to a set of protocols 
that was first developed by Danish surgeon Kehlet1. ERAS aims to reduce surgical stress and postoperative 
complications and accelerate recovery without limiting the effectiveness of surgery. Operating based on evidence-
based optimization measures during the perioperative period, the concept of ERAS initially achieved success in 
colorectal surgery2, resulting in early recovery without severe complications. This groundbreaking achievement 
advanced the revolutionary perspective that postoperative recovery may be more influenced by other factors than 
the specific choice of surgical technique (e.g., laparoscopic or open), such as effective pain management, early 
nutritional support, early mobilization, and the omission of recovery-inhibiting regimens (e.g., gastrointestinal 
tubes, prolonged urinary catheter drainage, and drains)3.

Recently, the ERAS program has been successfully applied in a variety of surgeries, including hepatobiliary 
surgery4, orthopedic surgery5, gynecological surgery6, and cardiothoracic surgery7, to accelerate recovery and 
decrease the length of stay (LOS) and hospital costs. As such, a specific consensus has formed in these surgical 
fields8. Nevertheless, a standardized set of ERAS procedures has not yet been established for diabetic foot 
ulcer (DFU) surgery, which may be attributed to the fact that DFU is a complication of diabetes mellitus, and 
endocrinology typically takes the lead in managing patients with DFU. Endocrinologists often tend to prioritize 
long-term dressing changes over surgery as the primary treatment for DFU on account of professional limitations.

As the understanding of the pathogenesis and progression of DFU has continued to grow, a multidisciplinary 
treatment (MDT) based on surgical debridement has gradually developed into the primary treatment of DFU. An 
increasing number of surgical departments are actively participating in the admission and treatment of patients 
with DFU, deploying techniques including vascular surgery, orthopedics, general surgery, treatment in the burn 
department, plastic surgery, etc.

However, the extended LOS9, multiple perioperative complications10, prolonged postoperative recovery11, 
and considerably elevated average hospital cost12 of patients with DFU have been reported to be associated with 
surgical interventions. These clinical issues have prompted us to use ERAS procedures to improve the quality 
and efficacy of treatment.

Thus, to cope with the above clinical problems, we have adapted some key elements of ERAS guidelines13 
to patients with DFU following surgery in a tertiary referral hospital and evaluated their clinical outcomes. We 
conducted a retrospective cohort study on ERAS in patients with DFU. We hypothesized that the ERAS protocol 
would help to improve the treatment efficacy by shortening the LOS, reducing the hospital cost, and decreasing 
perioperative complications.

Methods
Study design
This study was a retrospective cohort study that included patients diagnosed with DFU after undergoing surgery 
between January 2020 and December 2021. The study was performed in accordance with the International 
Conference on Harmonization Good Clinical Practice Guidelines and the Declaration of Helsinki, and approved 
by the ethical review committee of Beijing Shijitan Hospital, Capital Medical University [(2022) Ethical approval 
number (23)]. Written informed consent was provided by all participants, and all identities were anonymized.

Participants
A total of 124 patients with DFU who underwent surgery in the Department of Orthopedic Surgery, Beijing 
Shijitan Hospital, Capital Medical University (CMU, China), from January 2020 to December 2021 were included 
in this study. Some 12 patients were excluded due to the following reasons: ① the condition was combined with 
multiple organ failure and required intensive care (n = 6); ② the patient was unable to cooperate with treatment 
and gave up midway (n = 3); ③ the follow-up was lost (n = 3). Finally, 112 patients were included in this study. 
Following January 2021, some key elements from the ERAS protocol released by the ERAS society13 were applied 
to DFU patients who underwent surgery in our department (Table 1). The 112 patients were divided by ERAS 
group (receiving ERAS protocol from January 2021 to December 2021), comprising 55 patients, and the non-
ERAS group (receiving conventional perioperative care from January 2020 to December 2020) of 57 patients. 
All patients underwent standardized surgical procedures performed by the same operation team. Endovascular 
therapy was used to treat ischemic diabetic foot; radiofrequency thermocoagulation of lumbar sympathetic 
ganglia (LSG) or spinal cord stimulation (SCS) were used for painful diabetic peripheral neuropathy (PDPN)20,21; 
excisional debridement was used to treat infected ulcers with necrotic soft tissue or diabetic foot osteomyelitis14,15; 
amputation was performed for gangrene; skin grafting was carried out for delayed wounds after NPWT (negative-
pressure wound therapy); and surgical off-loading was conducted for foot deformity16. All patients provided 
written informed consent prior to surgery. All patients remained anonymous prior to study analysis. The flow 
diagram illustrating participation selection is shown in Fig. 1.
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Treatment protocol
(1) Non-ERAS group

After admission, a traditional perioperative management plan was implemented. This mainly comprised 
routine preoperative education, entailing a process of informing patients about the surgical procedure and 
corresponding precautions, potential risks during surgery, postoperative complications, and management 
measures. The patients underwent preoperative fasting, avoiding solid food for 8 h and water for 6 h. The 
indwelling catheter was placed before the operation, and routine spinal anesthesia was performed during the 
operation. Intraoperative fluid was administered to prevent volume-deficient hypotension. Patients continued 
fasting and drinking for 6 h after surgery. After surgery, the pillow was completely removed, and the patient 
was kept prone for 6 h to prevent headaches caused by low intracranial pressure. Subsequently, bed rest was 
the primary approach to preventing foot loads. A lower-limb pneumatic pump was used to passively activate 
lower-limb muscles to reduce the risk of deep vein thrombosis in these areas. Oral or intravenous painkillers 
were administered to manage perioperative pain. Routine nutritional support was administered, Oral Nutritional 
Supplements (ONS), as well as enteral and parenteral nutrition, were given as necessary to address malnutrition. 
Wound dressings were routinely changed until the wound stabilized at discharge.

(2) ERAS group: implementing perioperative ERAS care
Since January 2021, our department utilized some key elements from the ERAS protocol released by the ERAS 

society13, applying these aspects to patients with DFU who underwent surgery in our department (Table 1).

Preoperative measures
Patient information was acquired via direct communications with patients and their families. Patients’ 
psychological status, personality traits, and comprehension of the disease were assessed, with tailored 
psychological counseling provided as necessary. Patients who still exhibited tobacco or alcohol dependence 
were educated and assisted to quit smoking and alcohol during the perioperative and wound healing stages, 
with interventions performed based on their reported smoking and drinking history. The patients’ physical 
condition was comprehensively evaluated, and the patients and their families were informed about the 
current comorbidities that could be achieved through active interventions. The patients were encouraged to 
communicate with other patients who had successfully recovered, helping them to overcome psychological 
barriers and actively participate in surgical treatment and perioperative care. Detailed information on the 
significance of pre-surgery rehabilitation training was provided, and patients were guided to master the methods 
of postoperative rehabilitation training. There was no requirement to abstain from water consumption before 
surgery. Routine catheterization and indwelling catheters were not required before surgery. In cases of lower-
limb ischemic pain caused by diabetic peripheral vascular disease, endovascular therapy including Percutaneous 
transluminal angioplasty (PTA) was performed to alleviate foot ischemic pain17. PTA is a minimally invasive 
vascular procedure performed to widen the lumen of a partially or fully occluded blood vessel that has narrowed 
or been blocked, typically by atherosclerotic plaque. This procedure involves passing a balloon catheter through 
the skin and into the blood vessel. This is to be guided to the site of obstruction, where the tip of the catheter is 
expanded via inflation to compress and flatten the plaque to restore blood flow. This is performed to ensure that 
the ischemic lower limb receives adequate blood supply, effectively relieving ischemic pain.

Table 1.   Details of the treatment protocol for DFU patients in the ERAS group and Non-ERAS group.

ERAS group (n = 55) Non-ERAS group (n = 57)

Preoperative components

 Counseling Psychological counseling Traditional informed consent

 Cessation of alcohol and smoking Strictly starting from the first outpatient visit Inform and advise

 Nutritional intervention After the assessment at admission, as soon as possible, and during the 
follow-up period After the assessment at admission, discontinuation at discharge

 Analgesia Parecoxib 10 mg IM or Flurbiprofen Axetil IV on the night before 
surgery Tylox, tramadol PO 200 mg Bid

 Feeding No restriction for fasting food and water Preoperative fasting for 8 h and water deprivation for 6 h

Intraoperative components

 Thermal management Monitoring, heating blanket, active warming devices, air conditioning, 
and heat before liquid input Heating blanket and heat before liquid input

 Anesthesia Peripheral nerve blocks (PNBs) Spinal anesthesia

 Urinary tubes Not required Required

Postoperative components

 Analgesia Local nerve block with ropivacaine, and other routine analgesics Routine analgesics

 Feeding Early feeding Postoperative fasting and drinking restriction are required for at least 
6 h

 Mobilization Early mobilization, walk on the ground with a removable knee-high 
offloading device Lying flat for 6 h at least after surgery, passive activity in bed

 Follow-up Observe the wound healing, evaluate the function recovery, guide the 
medication, and exercise In the outpatient clinic for the dressing change
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Preoperative nutritional support was provided, and we actively corrected cases of hypoproteinemia. A 
comprehensive nutritional risk assessment was conducted using the Nutritional Risk Screening 2002 (NRS2002)18 
and the scored Patient-Generated Subjective Global Assessment (PG-SGA) as nutrition assessment tools before 
surgery. Enteral and intravenous nutrition were only preferred when oral intake failed to meet the nutritional 
needs, or when digestive ulcers or gastrointestinal dysfunctions were present. The nutritional intervention 
for each patient undergone dynamic adjustments, which was according to individual differences and disease 
conditions based on the following standardized nutritional interventions:

(1)	 Protein intake: Many guidelines recommend 1.25–1.5  g/kg of body weight per day of protein for 
malnourished patients with pressure injuries19. The protein requirement of type 2 diabetes patients can be 
calculated as follows: ① For patients without risk of malnutrition, 0.8–1.0 g/kg/d of ABW (actual body 
weight). ② For patients who are at risk of malnutrition, 1.25–1.5 g/kg/d of ABW. ③ For obese patients, 
calculated based on IBW (ideal body weight): Ideal weight for males (kg) = [height (cm) -100] × 0.9; Ideal 
weight for women (kg) = [height (cm) -105] × 0.92. ④ Patients in a state of stress or illness: 2 g/kg/d of ABW, 
or use IBW if the patient is obese. ⑤ Critically ill with BMI 30–40 kg/m2: 2 g/kg/d of IBW. ⑥ Critically ill 
with BMI > 40 kg/m2: 2.5 g/kg/d of IBW. ⑦ In patients with chronic kidney disease who are not critically 

Figure 1.   Flow diagram illustrating participation selection.
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ill, it is advisable to prescribe a dietary protein intake of 0.6–0.8 g/kg/d of ABW per day under close clinical 
supervision to maintain a stable nutritional status and optimize glycemic control.

(2)	 Carbohydrate: Carbohydrate daily recommendations will vary from patient to patient based on the 
progression of T2DM, daily glycemic control, and whether the patient is on insulin therapy or oral 
hypoglycemics. On average, women need approximately 45–60 g, while men may require 60–75 g per meal.

(3)	 Fats: It is recommended to determine daily fat intake based on the patient’s specific condition. Compared 
to the quantity of intake, the quality of fat consumed is more important. The guidelines of the Chinese 
Nutrition Society recommend an intake ratio of long-chain saturated fatty acids, monounsaturated fatty 
acids, and polyunsaturated fatty acids of 1:1:120. Avoid consuming trans fatty acids. Important fats to 
consider are monounsaturated and polyunsaturated fatty acids, which play a major role in cell membranes. 
Eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and arachidonic acid are fatty acids that 
contribute to membrane fluidity, membrane and intracellular signaling, and the modulation of apoptotic 
pathways.

(4)	 Micronutrients: Vitamins and minerals are essential for maintaining overall health and should be included 
in all nutritional assessments19,21. The intake and sources of micronutrients in the "Dietary Guidelines for 
Chinese Residents (2022)" compiled by the Chinese Nutrition Society22 are shown in Table 2.

Intraoperative management
The ERAS group underwent anesthesia via an ultrasound-guided lower-limb nerve block. This involved the sciatic 
and saphenous nerves and did not require patients to fast food and water before surgery. During the surgical 
procedure, the infusion speed was controlled, and the intake of venous fluid was reduced to prevent overloading 
of the heart and kidney. An infusion heater was used to warm the infusion liquid, and either an insulation blanket 
or a heater was used to maintain the patient’s core temperature at approximately 37 ℃ during surgery23. Given 
the poor blood supply and microcirculation of diabetic foot wounds, the wound was not rapidly closed tightly; 
instead, it was gradually closed, with a local opening maintained for drainage. Unconventional placement of the 
drainage tube was used to ensure optimal drainage.

Postoperative management
In the ERAS group, patients were allowed to consume solid food and water immediately upon returning to the 
ward after surgery. On the same day as the surgical procedure, they were encouraged to sit up, move around 
their bed, and access the restroom for bowel movements with the assistance of a wheelchair or walking aid, 
gradually initiating foot movement after surgery. Medical staff regularly provided guidance and assisted patients 
to undertake active rehabilitation exercises during the early postoperative period. The training program was 
customized based on the individual differences between patients. Either on the day after surgery or the second day 
post-surgery, a foot offloading brace was placed on the affected limb to facilitate intermittent movement exercise 
on the ground. Weight-bearing activities were initiated after surgery as early as possible, and multiple short-term 
exercises were carried out to gradually extend the time of active movement on the ground and increase the level 
of lower-limb weight-bearing exercise.

Perioperative pain management
A comprehensive pain management plan was implemented, which included providing psychological counseling 
to patients, distracting their attention towards other activities, and reducing pain sensitization resulting from 
emotions such as anxiety and fear. Oral painkillers were administered before surgery to prevent the need for pain 
intervention during the surgical procedure. Before wound dressing, ropivacaine was locally inserted into the 
wound, extending the duration of the local nerve block and alleviating pain during surgery. A patient-controlled 
analgesia pump (PCA) was customized based on the patient’s pain sensitivity and post-surgery tension level. In 
instances of neuropathic pain due to diabetes-related peripheral neuropathy, radiofrequency thermocoagulation 

Table 2.   Micronutrient table.

Nutrient Intake Upper limit Food sources

Zinc Men: 12.5 mg/d
Women: 7.5 mg/d 40 mg/d High quality protein, meat, fish, eggs

Vitamin C 100 mg/d 2000 mg/d Citrus fruits and juices, tomatoes, potatoes broccoli

Vitamin D  < 65 years: 400 IU/d (10ug/d)
≥ 65 years: 600 IU/d (15ug/d) 2000 IU/d Sunlight, fish liver oils, fatty fish, fortified milk, breakfast 

cereal

Vitamin E 14 mg/d 700 mg/d Wheat germ, seeds, nuts, vegetable oils, green leafy 
vegetables, and fortified cereals

Vitamin B12 Age 14y + Adult men and women: 2.4 ug Tolerable Upper Intake Level (UL): Maximum daily intake 
unlikely to cause adverse health effects

Present in foods of animal origin: fish, meat, poultry, eggs, 
and dairy products. Fortified breakfast cereals, fortified 
yeast

Vitamin A Men: 800 ug/d
Women: 700 ug/d 3000 ug/d

Beef liver, fish oils, fish, milk, eggs, fortified cereals 
Provitamin A: orange and yellow vegetables, tomato 
products, carrots, squash, cantaloupe, broccoli
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of lumbar sympathetic ganglia (LSG)24 or spinal cord electrical stimulation (SCS)25 were used to relieve peripheral 
neuropathic pain. Radiofrequency thermocoagulation of lumbar sympathetic ganglia (LSG) applies nerve 
ablation on the lumbar sympathetic nerve to improve symptoms, such as chronic pain induced by nerve injury to 
lower limbs. Spinal cord electrical stimulation (SCS) is a safe and effective treatment for various types of chronic 
refractory pain. By implanting electrode wires into the epidural space of the spinal cord, the current generated 
by the neural stimulator is transmitted to the spinal cord, and low-voltage electrical stimulation is performed 
on the spinal nerves to block the transmission of pain to the brain center, relieving pain.

Discharge criteria for both groups remained consistent: (1) patient stability with satisfactory wound healing 
or evidence of healing progression, and the ability to perform dressing changes independently or with the 
assistance of family members; (2) patient and their family consent to discharge, along with receipt of relevant 
post-discharge precautions and follow-up time.

Outcomes
The primary outcomes involved the length of stay (LOS), wound healing time, patient satisfaction, and expenses 
associated with the two protocols. Secondary outcome parameters included preoperative anxiety (APAIS score26), 
nutritional status (PG-SGA27), pain (NRS score28), incidence of lower-extremity deep vein thrombosis (DVT), 
reduction in lower-limb circumference (The definition of “circumference” of lower limbs in our study is the 
thigh circumference which was measured by tape measure at 15 cm proximal to the patella), and the activity 
of the daily living scale (Barthel Index29). All outcomes were collected retrospectively from medical records in 
accordance with the methodology described in previous research30.

Statistical analysis
The continuous variables include age, duration of onset, ankle brachial index, the activity of daily living scale, 
preoperative leukocyte, preoperative CRP, preoperative hemoglobin, preoperative albumin, preoperative 
prealbumin, LOS, wound healing time, patient satisfaction, expenses, APAIS score, PG-SGA score, NRS score, the 
circumference of lower limbs, and Barthel Index. The categorical variables include gender, Wagner classification, 
and DVT occurrence. Normally distributed continuous variables were summarized using mean and standard 
deviation (SD). Categorical variables were expressed as frequency and percentage.

The distribution of data was evaluated using the Kolmogorov–Smirnov test. Student’s t-test or the 
Mann–Whitney U-test were used to evaluate differences of normally distributed continuous variables between 
ERAS group and non-ERAS group. A chi-square test was used to evaluate differences in nominal variables, 
including gender and the number of people with DVT across the ERAS group and non-ERAS group. The 
Wilcoxon test was used to evaluate differences in the proportion of Wagner’s grade between the ERAS group 
and non-ERAS group.

Subgroup analyses were used to further explore the improvement effect of ERAS on LOS and expenses 
between different genders, age groups, and Wagner’s grades, and results were displayed using a forest plot. In 
subgroup analysis, separate random-coefficient models were fitted to evaluate β changes in participants with 
and without the ERAS protocol.

All tests were two-sided, and a statistical significance level of 0.05 was used. All statistical analyses were 
performed using SPSS (Version 26.0, IBM, United States).

Ethical approval
All procedures performed in studies involving human participants were in accordance with the ethical standards 
of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. Approval was granted by the Ethics Committee of Beijing Shijitan 
Hospital Affiliated to Capital Medical University [(2022) Ethical approval number (23)].

Consent to participate
Informed consent was obtained from all individual participants included in the study.

Results
General results
One hundred and twelve patients with DFU (82 males and 30 females; 65.72 ± 10.73 years old) who underwent 
surgery were grouped into the non-ERAS group (57; 65.16 ± 9.97  years old) and the ERAS group (55; 
66.31 ± 11.52 years old) according to their management protocols. The numerical data all conformed to a normal 
distribution based on the Kolmogorov–Smirnov test. The difference in demographic characteristics (including 
gender, age, duration of onset, the proportion of patients in each Wagner’s grade，and preoperative comorb
idities) and preoperative variables (including ABI, activity of daily living scale at admission, leukocyte, CRP, 
hemoglobin, albumin, prealbumin, and HbA1C) were compared between the ERAS group and the non-ERAS 
group (Table 3). No significant difference was observed in these parameters (P > 0.05).

Evaluation and comparison of primary and second outcomes
Compared with the non-ERAS group, the ERAS group had a significantly shorter LOS (11.36 vs. 26.74 days; 
P < 0.001), and the median total hospital expenses were significantly lower (CNY 62,165.27 vs. CNY 118,326.84; 
P < 0.001). Higher patient satisfaction could be noticed in the ERAS group (94.58 vs. 92.30; P = 0.008), but a 
comparable wound healing time was observed between the ERAS group and non-ERAS group (27.18 ± 10.25 days 
vs. 27.67 ± 9.67 days; P > 0.05).
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The ERAS group also displayed a significantly lower score in APAIS score of preoperative anxiety (7.80 vs. 
11.61; P < 0.001), a lower incidence of DVT (1.8% vs. 15.8%; P = 0.016), and circumference of the lower limbs 
(1.38 vs. 4.61 cm; P < 0.001). Moreover, it was also found that the ERAS group had a significantly higher score on 
the activity of daily living scale (85.36 vs. 73.51; P < 0.001). No significant differences were observed in terms of 
PG-SGA score (7.25 ± 3.47 vs. 7.89 ± 2.78; P > 0.05) and NRS score (4.80 ± 2.48 vs. 4.75 ± 2.28; P > 0.05) between 
the two groups. (Table 4).

Table 3.   Demographics characteristics and preoperative parameters. ABI: Ankle brachial index; CRP: 
C-reactive protein; CHD: Coronary heart disease; PVD: Peripheral vascular disease; CVD: Cerebrovascular 
disease; CKD: Chronic kidney disease. † T-test. ‡ Chi-square tests. § Wilcoxon test.

ERAS group (n = 55) Non-ERAS group (n = 57) t/z/χ2 P

Age(year) 66.31 ± 11.524 65.16 ± 9.973 − 0.566 0.573†

Gender(M/F), n (%) 0.098 0.755‡

Male 41(74.5%) 41(71.9%)

Female 14(25.5%) 16(28.1%)

Wagner classification, n (%) 1.463 0.143§

0 3(5.5%) 3(5.3%)

1 3(5.5%) 0(0.0%)

2 4(7.3%) 2(3.5%)

3 6(10.9%) 4(7.0%)

4 32(58.2%) 39(68.4%)

5 7(12.7%) 9(15.8%)

Duration of onset, days, x̅ ± s 81.78 ± 16.87 80.68 ± 19.02 − 0.043 0.966†

ABI (ankle brachial index), x̅ ± s 0.78 ± 0.30 0.80 ± 0.23 0.368 0.715†

Activity of daily living scale (Barthel Index), x̅ ± s 76.64 ± 15.55 72.19 ± 16.98 − 1.443 0.152†

Preoperative leukocyte, × 10^9/L, x̅ ± s 8.28 ± 3.96 9.99 ± 5.75 1.834 0.070†

Preoperative CRP, mg/L, x̅ ± s 66.61 ± 12.17 73.71 ± 8.76 0.476 0.635†

Preoperative hemoglobin, g/L, x̅ ± s 116.02 ± 13.35 109.47 ± 23.83 − 1.801 0.075†

Preoperative albumin, g/L, x̅ ± s 35.10 ± 4.36 33.56 ± 5.79 − 1.597 0.113†

Preoperative prealbumin, mg/L, x̅ ± s 185.42 ± 87.97 159.51 ± 86.35 − 1.573 0.119†

HbA1c, %, x̅ ± s 8.33 ± 1.74 8.39 ± 1.58 − 0.203 0.839†

Preoperative comorbidities, n (%)

Hypertension 37(67.3%) 46(80.7%) 2.631 0.105‡

CHD 30(54.5%) 37(64.9%) 1.252 0.263‡

PVD 44(80.0%) 52(91.2%) 2.882 0.090‡

CVD 32(58.2%) 39(68.4%) 1.265 0.261‡

CKD 14(25.5%) 20(25.1%) 1.229 0.268‡

Table 4.   The result of primary and second outcomes between ERAS group and non-ERAS group. † T-test. 
‡ Chi-square tests.

ERAS group (n = 55) Non-ERAS group (n = 57) t / χ2 P

Primary Outcomes

 The length of stay (LOS) (days), x̅ ± s 11.36 ± 4.03 26.74 ± 9.77 10.957  < 0.001†

 Wound healing time(days), x̅ ± s 27.18 ± 10.25 27.67 ± 9.67 0.258 0.797†

 Patient satisfaction, x̅ ± s 94.58 ± 4.44 92.30 ± 4.52 − 2.696 0.008†

 Expenses (CNY), x̅ ± s 62,165.27 ± 28,446.85 118,326.84 ± 32,056.29 9.794  < 0.001†

Secondary Outcomes

 Anxiety symptoms (APAIS), x̅ ± s 7.80 ± 2.60 11.61 ± 3.88 6.130  < 0.001†

 Nutritional status (PG-SGA), x̅ ± s 7.25 ± 3.47 7.89 ± 2.78 1.077 0.284†

 Pain (NRS), x̅ ± s 4.80 ± 2.48 4.75 ± 2.28 − 0.101 0.919†

 Lower-extremity deep vein thrombosis (DVT), n (%) 1(1.8%) 9(15.8%) 5.111 0.024‡

 Circumference of lower limbs(cm), x̅ ± s 1.38 ± 1.05 4.61 ± 2.07 10.493  < 0.001†

 Activity of daily living scale (Barthel Index), x̅ ± s 85.36 ± 13.77 73.51 ± 16.01 − 4.195  < 0.001†
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Evaluation of the impact of interaction
Figures 2 and 3 show the treatment effects of interaction on subgroup analysis. The ERAS group had better 
clinical outcomes (shorter LOS and lower hospital expenses) in both men and women, as well as in those older 
than 65 years and those younger than 65 years. Patients with Wagner grade 4 and Wagner grade 5 were more 
likely to benefit from the ERAS protocol.

Discussion
Enhanced recovery after surgery is a multimodal approach to the perioperative care of patients undergoing 
surgical procedures, especially moderate-to-major surgeries31. The ERAS protocol represents a paradigm shift 
in surgical care delivery and the dissemination and implementation of practice changes32. The adoption of the 
ERAS protocol aims to facilitate rapid, uncomplicated postoperative recovery with both short-term and long-
term benefits, improving patients’ quality of life and saving expenses33.

In this retrospective study, the difference in the postoperative outcomes of patients with DFU between 
the ERAS group and the non-ERAS group were compared. The results showed that participants in the ERAS 
group experienced superior and more rapid recoveries than those in the non-ERAS group. Furthermore, the 
implementation of ERAS care resulted in reduced hospital costs and shortened LOS, ultimately enhancing the 
quality and effectiveness of surgical procedures and recovery.

Counseling plays an integral role in any surgical procedure, serving not only to obtain informed consent 
but also to alleviate the fears associated with both the disease and the surgery. It provides patients with an 
understanding of short-term perioperative and long-term rehabilitation outcomes34. Effective counseling and 
communication positively impact the perception of the surgical procedure and the overall expectations about 

Figure 2.   LOS of interaction for the subgroup analysis (overall and by gender, age, and Wagner classification).

Figure 3.   Expenses of interaction for the subgroup analysis (overall and by gender, age, Wagner classification).
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recovery from surgery and the disease35. Providing detailed information on the planned surgical procedure might 
reduce fear and provide awareness about the anesthetic procedure and surgery-related pain36. Similarly, care 
and education on the severity of postoperative pain significantly alleviate postoperative pain, thus improving 
the postoperative course37. In this study, the ERAS group acquired a lower APAIS score by providing targeted 
psychological counseling and communication with participants. It helped participants to acquire a rational 
understanding of DFU, which is chronic and difficult to heal. It is crucial to emphasize holistic diagnosis and 
treatment because DFU is always accompanied by multiple organ dysfunctions. Further, it provided participants 
with a firm confidence in surviving DFU and long-term recovery.

Perioperative thermal management can effectively prevent the occurrence of hypothermia. The probability 
of wound infection can increase by 2–3 times on account of intraoperative hypothermia, leading to abnormal 
coagulation function, blood loss, and arrhythmia occurring at a significantly higher rate38. Hypothermia 
potentially promotes surgical site infections via three mechanisms. First, hypothermia triggers postoperative 
thermoregulatory arterio-venous shunt constriction39, which potentially reduces the delivery of immune 
cells to injured tissues. Second, hypothermia decreases tissue oxygenation40, which is required for the major 
oxidative killing of bacteria41. Third, mild core hypothermia directly impairs immune function, including the 
chemotaxis and phagocytosis of granulocytes, reduces macrophage mobility, and decreases antibody production. 
Hypothermia decreases platelet aggregation42 and impairs the functions of enzymes in the coagulation 
cascade43,44. The best-documented complication of perioperative hypothermia is coagulopathy, which requires 
transfusion. Meta-analyses in 2008 and 2020 both reported that active warming reduced the odds of transfusion 
by at least 22%45,46. As this was a retrospective study, the impact of intraoperative hypothermia on wound 
infection, abnormal coagulation function, blood loss, and arrhythmia were not studied. However, aggressive 
intraoperative warming reduced the occurrence of cold-induced shivering and increased patients’ satisfaction 
with the experience of the anesthetic–surgical procedure.

Regarding the selection of anesthesia for DFU surgery, the traditional approach generally chooses spinal 
anesthesia as this mode of treatment is more reliable in reducing pain and extending the duration of pain relief47. 
However, strict prohibition of food and drink is required to prevent the occurrence of central reactive nausea 
and vomiting, which lead to aspiration48. Postoperative fasting and drinking restriction are also required due to 
the paralyzing effect of spinal anesthesia on the gastrointestinal tract. Additionally, spinal anesthesia requires the 
removal of the pillow and for the patient to lie flat for at least 6 h after surgery to prevent adverse consequences, 
such as headaches caused by low intracranial pressure49, greatly limiting the patients’ early active rehabilitation. 
This study confirmed that ultrasound-guided peripheral nerve blocks (PNBs) can be selected for most of the 
debridement, repairment, and even amputation surgeries to treat DFU. Since PNB is a local anesthesia, there is no 
requirement for fasting and drinking restriction before and after surgery. In our study, no statistically significant 
difference was found in the VAS score of pain between the two groups, proving the reliability of PNBs for DFU 
surgery. In addition to offering minimal side effects and a good patient experience, PNB anesthesia allows patients 
to get out of bed for early active rehabilitation50. This is greatly beneficial for the recovery of gastrointestinal 
function and cardiopulmonary function in DFU patients.

Nutritional status is crucial for wound healing. A chronic wound requires more nutrients to repair damaged 
tissue and address nutrient loss through wound inflammatory exudate. Malnutrition exists in patients with 
chronic diabetic foot wounds51, and specific micronutrient deficiencies are common and associated with impaired 
wound healing and an increased risk of amputation in people with DFU52,53. Therefore, nutritional supplements 
can improve DFU healing. Current Australian guidelines recommend the evaluation of nutritional status when 
progressing towards DFU closure54 and the use of oral nutritional supplements (ONS) when an oral diet is not 
sufficient to meet nutritional requirements. In our study, we implemented the following nutritional interventions 
for general DFU patients: (1) Dietary Modifications. Altering the diet is often the best initial step in nutritional 
interventions for DFU patients. Patients should reduce intake of unhealthy fats, such as trans fats, saturated fats, 
and cholesterol, and increase consumption of foods rich in unsaturated fatty acids and nutrients. Sodium intake 
should be limited to 3.4 g or less per day to help control blood pressure. Oral Nutritional Supplements (ONS) can 
be taken between meals, as needed, to provide additional protein and micronutrients. Patients should vary their 
food and supplement choices to avoid taste fatigue. When simple dietary changes are insufficient, high-calorie, 
high-protein fortified foods and supplements should be provided. (2) Oral Nutritional Supplements (ONS). Solely 
relying on an appropriate diet is often insufficient to achieve optimal wound healing. For patients at higher risk 
of malnutrition or already showing signs of malnutrition, initiating ONS as early as possible is crucial. ONS can 
be liquid, semi-solid, or powder, providing essential nutrients and micronutrients for wound healing. For many 
DFU patients, ONS is more effective than dietary changes alone. Adding specific supplements such as arginine, 
glutamine, and HMB to standard care can enhance DFU healing, especially in patients with poor limb perfusion 
or low albumin levels. Patients should be encouraged to take ONS between meals with appropriate fluids and a 
balanced diet. (3) Enteral and Parenteral Nutrition. If a patient cannot meet their estimated nutritional, calorie, 
protein, and hydration needs despite undergoing nutritional interventions, the benefits and risks of enteral 
or parenteral nutrition should be discussed to provide additional or alternative nutritional support. In this 
study, the ERAS group had a comparable nutritional score (PG-SGA) to the non-ERAS group after surgery 
because nutritional interventions for DFU were implemented before the ERAS program in our center. Nutritional 
intervention, as an important element of ERAS, can improve malnutrition status in patients and promote their 
recovery after surgery55.

Kobayashi M, et al.56 found that prolonged duration of postoperative bed rest was a significant independent 
risk factor for postoperative VTE. When lying still in bed, Venous stasis occurs when people are at bedrest, 
because of altered venous flow characteristics. This is commonly believed to be one etiology behind the 
development of deep venous thrombosis (DVT)57. In clinical practice, patients who are significantly injured or 
immobilized are at risk of perioperative thrombotic complications58. Patients with DFU who rely on bed rest 
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acquire postoperative hypercoagulability and thrombophilia with higher risk in the perioperative period of 
surgery. In our study, a comparison was made between the ERAS group and the non-ERAS group in terms of 
early mobilization and bed rest after surgery. The incidence of postoperative DVT in both groups was statistically 
significant, and the low incidence of DVT in the ERAS group demonstrated that early postoperative mobilization 
of the lower limbs has a positive preventive effect on deep vein thrombosis in the lower limbs. This is consistent 
with the research results of previous lower limb surgeries, especially knee joint replacement surgeries—Early 
mobilization in the first 24 h after surgery is proved be a cheap and effective way to reduce the incidence of post-
operative deep venous thrombosis59.

For early postoperative rehabilitation exercise (early mobilization), few clinical measures are presently 
undertaken in China for DFU patients. Furthermore, the DFU wound is located in the foot, and the foot must 
bear weight when getting out of bed, adversely affecting wound healing, aggravating wound pain, and causing 
bleeding. This can lead to wound dehiscence and other adverse consequences60. Moreover, the customized 
price of offloading for the diabetic foot is expensive and cannot be reimbursed by medical insurance61, greatly 
limiting the demand of patients for decompression treatment of diabetic feet. In our study, we customized a 
removable knee-high offloading device for participants, enabling early and active rehabilitation after diabetic 
foot surgery in the ERAS group. The removable knee-high offloading device is the second choice of offloading 
treatment for promoting ulcer healing recommended by the International Working Group on the Diabetic 
Foot (IWGDF)62. The first choice is either a total contact cast or nonremovable knee-high walker, the latter 
of which is always being contraindicated for dressing change or not be tolerated by participant, even it is very 
effective in the promotion of wound healing63. The removable knee-high offloading device is designed without 
weight bearing for feet with ulcers, and participants can walk on the ground with it in the early postoperative 
stage. Postoperative early ambulation can actively promote the recovery of cardiovascular and gastrointestinal 
functions64. It also psychologically enhances the patient’s confidence to return to the self-care accompanying daily 
life65. The outcomes of this study indicate that wearing a removable knee-high offloading device for diabetic foot 
after surgery during early mobilization in the ERAS group prevented lower-limb muscle atrophy and lower-limb 
deep vein thrombosis and had significant benefits for the recovery of the postoperative life ability of patients 
without affecting wound healing time.

We found that integrating key elements from the ERAS program and adapting them to diabetic foot surgery 
were beneficial to the surgical treatment of chronic ulcers.

Limitations
Our study suffered from a number of limitations that should be addressed. Firstly, it was only a retrospective, 
single-center, observational study; thus, its results may display selection bias. Secondly, although we tried to unify 
the surgical methods, there were individual differences between patients with DFU, and we did not compare the 
impact of differences in surgical methods on outcomes. Last but not the least, in the future, it will be necessary 
to design a large-sample prospective randomized controlled trial to fully demonstrate the effectiveness of ERAS 
in patients with DFU.

Conclusions
According to the results of the comparison between the ERAS and non-ERAS groups, the ERAS protocol could 
help to improve the medical quality and efficacy by improving the patient satisfaction and activity of daily 
living scale scores, shortening the LOS, and reducing the hospital cost. Additionally, it reduced perioperative 
complications and improved clinical outcomes by reducing anxiety symptoms, the incidence of DVT, and the 
reduction in the circumference of the lower limbs. In brief, the ERAS protocol was feasibly and safely adopted 
in DFU patients after surgery.

Data availability
The data that support the findings of this study are available from the corresponding authors upon reasonable 
request.
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