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Abstract

Background

Rapid diagnosis and treatment of diabetic foot osteomyelitis (DFO) could reduce the risk of

amputation and death in patients with diabetic foot infection (DFI). Erythrocyte sedimenta-

tion rate (ESR) is considered the most useful serum inflammatory marker for the diagnosis

of DFO. However, whether severe renal impairment (SRI) affects its diagnostic accuracy

has not been reported previously.

Objective

To investigate the accuracy of ESR in diagnosing DFO in DFI patients with and without SRI.

Methods

This was a retrospective cross-sectional study. From the inpatient electronic medical record

system, the investigators extracted demographic information, diagnostic information, and

laboratory test results of patients with DFI who had been hospitalized in Longhua Hospital

from January 1, 2016 to September 30, 2021. Logistic regression was performed to analyze

the interaction between ESR and SRI with adjustment for potential confounders. The area

under the curve (AUC), cutoff point, sensitivity, specificity, prevalence, positive predictive

value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), and negative

likelihood ratio (LR−) were analyzed by receiver operating characteristic (ROC) curve analy-

sis and VassarStats.
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Results

A total of 364 DFI patients were included in the analysis. The logistic regression analysis

results showed that elevated ESR increased the probability of diagnosing DFO (adjusted

odds ratio [OR], 2.40; 95% confidence interval [CI], 1.75–3.28; adjusted P < 0.001); SRI

was not associated with the diagnosis of DFO (adjusted OR, 3.20; 95% CI, 0.40–25.32;

adjusted P = 0.271), but it had an obstructive effect on the diagnosis of DFO by ESR

(adjusted OR, 0.48; 95% CI, 0.23–0.99; adjusted P = 0.048). ROC analysis in DFI patients

without SRI revealed that the AUC of ESR to diagnose DFO was 0.76 (95% CI, 0.71–0.81),

with the cutoff value of 45 mm/h (sensitivity, 67.8%; specificity, 78.0%; prevalence, 44.7%;

PPV, 71.3%; NPV, 75.0%; LR+, 3.08; LR−, 0.41). In contrast, in patients with SRI, the AUC

of ESR to diagnose DFO was 0.57 (95% CI, 0.40–0.75), with the cutoff value of 42 mm/h

(sensitivity, 95.0%; specificity, 29.2%; prevalence, 45.5%; PPV, 52.8%; NPV, 87.5%; LR+,

1.34; LR−, 0.17).

Conclusions

The accuracy of ESR in diagnosing DFO in DFI patients with SRI is reduced, and it may not

have clinical diagnostic value in these patients.

Introduction

Diabetic foot infection (DFI) is mostly caused by skin injury on a foot of a diabetic patient; it

ranges from a superficial ulcer to a destruction of subcutaneous tissue, tendon, joint, and

bone, which may eventually lead to amputation or death. Approximately 9.1 million to 26.1

million patients with diabetes develop foot ulcers each year [1], among which infected ulcers

comprise about 41% [2, 3]. In recent years, the number of patients with diabetes admitted to

the hospital due to infection has increased significantly [4]. Moderate and severe infections

account for 47.4% of DFIs [5], and 23.5%–37.9% of patients with DFI have multiple bacterial

infections [6, 7]. Patients with a history of ulcers, ulcers that have not healed for more than

three months, and deep ulcers are more likely to develop infections [3]. Furthermore, infection

significantly prolongs ulcer healing time and hospital stay, and it increases hospitalization

costs [4]. The one-year healing rate of infected foot ulcers is only 45.5%; 9.6% of them recur

later, and the lower extremity amputation rate is as high as 17.4% [8]. Diabetic foot patients

with major amputations are more susceptible to medical complications and death [9]. Chronic

open wounds lead to an increased risk of systemic infection and death within two years [10];

therefore, DFI is a huge health threat and causes a heavy socioeconomic burden.

Diabetic foot osteomyelitis (DFO) is a serious condition involving bones in patients with

DFI. Almost 20% of patients with DFI develop osteomyelitis [11]. Diabetes patients with foot

puncture injuries are nine times more likely to have osteomyelitis than non-diabetes patients

and 14 times more likely to undergo amputation [12]. The amputation rate and mortality rate

of DFO patients are 66.6% and 37.6% [13, 14], respectively, which are much higher than those

of non-osteomyelitis patients with diabetes. The current gold standard for diagnosing DFO is

bone biopsy, but in view of its invasiveness, it is commonly used only as the final diagnostic

method when other approaches fail to make a clear diagnosis in clinical practice [15]. The

guidelines of the International Working Group on the Diabetic Foot (IWGDF) recommend

using a combination of probe-to-bone test, serum inflammatory markers, and plain
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radiography for the initial diagnosis of DFO [15]. Among the serum inflammatory markers,

erythrocyte sedimentation rate (ESR) is particularly important.

Patients with diabetes are seven times more likely to suffer from kidney disease [12], and

type 2 diabetes has become the main cause of end-stage renal disease [16]. A recent study has

shown that patients with diabetic nephropathy have higher ESR than those with non-diabetic

nephropathy, and ESR is an independent risk factor for diabetic nephropathy [17]. Another

study revealed that ESR was 49±26 mm/h in patients with chronic renal failure who did not

receive dialysis, and it was as high as 60±33 mm/h in patients receiving hemodialysis [18].

Hence, with the decline of renal function, ESR increases in patients without active infection. In

patients with current infection, differences in ESR elevation between patients with and without

renal impairment have not been reported before.

Considering the high disability and mortality rate of DFO, its timely diagnosis is of para-

mount importance. In contrast to the invasiveness of bone biopsy, ESR is a timely and rela-

tively practical diagnostic marker. However, there is not enough information as to whether

renal function affects its diagnostic accuracy. Therefore, it is necessary to study the accuracy of

ESR in diagnosing osteomyelitis in DFI patients with different levels of renal function.

Methods

Study design and ethical approval

This was a retrospective cross-sectional study and was reported in compliance with The

Strengthening the Reporting of Observational Studies in Epidemiology statement (S1 File). All

of the researchers were systematically trained before the study to fully understand the details of

the study and their responsibilities. This study was reviewed and approved by the Institutional

Review Board of Longhua Hospital Shanghai University of Traditional Chinese Medicine

(2021LCSY115). The patients were contacted through the contact information stored in the

electronic medical record system if they satisfied the criteria for inclusion. Investigators

informed the patients that necessary information during a certain hospitalization would be

used while ensuring that their personal privacy would not be leaked; the patients came to the

hospital to sign the written informed consent form. If a patient did not want to come to the

hospital to sign the form, he or she was informed about the details on the phone and his oral

informed consent was obtained and recorded in the list. If a patient could not be contacted at

all, in accordance with the Declaration of Helsinki from 2008 and the No. 11 Order of the

National Health Commission of the People’s Republic of China, after review and approval by

the Institutional Review Board, an exemption of informed consent was applied. From the inpa-

tient electronic medical record system, the investigators extracted the necessary information of

patients with DFI who had been hospitalized in Longhua Hospital Shanghai University of Tra-

ditional Chinese Medicine from January 1, 2016 to September 30, 2021. The investigators

accessed medical records, screened included patients, and contacted patients to obtain

informed consent from October 29, 2021 to November 8, 2021. The statistical analysis was

completed on November 12, 2021.

Diagnostic criteria

The diagnosis of DFI and DFO was based on the 2015 IWGDF guidelines [19].

The diagnosis of DFI was based on local or systemic inflammatory symptoms and clinical

signs, and its severity was assessed using the Infectious Diseases Society of America (IDSA)/

IWGDF classification scheme. Erythema, swelling, induration, pain, tenderness, or pus on the

foot indicated a local infection. When systemic inflammatory response syndrome occurred,
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the infection had affected the whole body. According to the IDSA/IWGDF classification

scheme, it was classified as mild, moderate, and severe infection.

The diagnosis of DFO was based on a comprehensive evaluation of positive probe-to-bone

test, and abnormal plain radiography findings. If the diagnosis was not clear, foot magnetic

resonance imaging (MRI) was further implemented. If the diagnosis of DFO was not convinc-

ing, bone biopsy was used to finally confirm the diagnosis. The probe-to-bone test were con-

ducted within 12 hours of admission, and the plain radiography was completed within 24

hours. If necessary, MRI was completed within five days, and bone biopsy was performed

within seven days.

The criterion of severe renal impairment (SRI) was based on the guidelines developed by

the National Kidney Foundation [20]. SRI is characterized by severe reduction in estimated

glomerular filtration rate (eGFR) (eGFR < 30 mL/min/1.73 m2).

Inclusion and exclusion criteria

Patients hospitalized in Longhua Hospital for the first time and meeting the DFI diagnostic

criteria were included. Patients with rheumatic diseases, inflammatory bowel disease, and

other inflammatory diseases that can cause elevated ESR were excluded. In addition, patients

in whom the probe-to-bone test, laboratory examination (within 24 hours of admission), plain

radiography or MRI, and bone biopsy were not completed within the prescribed time limit

were excluded. Finally, incomplete medical record without sufficient data was also ruled out.

Data collection

The investigators extracted the required data from the inpatient electronic medical record sys-

tem, including demographic information, diagnostic information, and laboratory tests results.

Demographic information included the patient’s age, gender, body mass index (BMI), diabetes

duration, and infection duration. The infection duration referred to the time from the earliest

occurrence of any local infection symptoms described in the DFI diagnostic criteria to the hos-

pital admission. The diagnostic information included the signs of severe infection (IDSA/

IWGDF classification scheme grade 4), presence of DFO, peripheral artery disease (PAD), and

diabetic peripheral neuropathy (DPN). Laboratory tests included white blood cell (WBC)

count, high-sensitivity C-reactive protein (hs-CRP) level, ESR, creatinine level, and glycosy-

lated hemoglobin (HbA1c) level. The laboratory tests were carried out by a nurse taking fasting

blood for examination. ESR was measured using an Automated ESR Analyzer Test 1 (Italy

ALIFAX Corp.). Creatinine was measured with a Beckman Coulter analyzer AU5800 using a

creatinine enzymatic kit (Beckman Coulter Ireland Inc.) by the creatine oxidase method. The

eGFR was calculated using the CKD-EPI formula based on creatinine [21]. Two investigators

were responsible for information extraction over a specific period. If the information was

inconsistent, they checked it, and if necessary, consulted with a third senior researcher for

arbitration.

Statistical analysis

The collected data were analyzed by independent statisticians. Continuous data with normal

distribution were presented as mean (standard deviation); non-normal distribution data were

presented as median (interquartile range [IQR]). Categorical data were reported as N (%). The

continuous data with normal distribution were compared by one-way analysis of variance, and

the continuous data not conforming to normal distribution were compared by Kruskal–Wallis

H test. Categorical variables were compared using Pearson chi-square test or Fisher’s exact

probability test if expected numbers were small. The interaction between ESR and SRI was
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analyzed by logistic regression. Variables that showed marginal statistical difference between

patients with and without SRI were considered as a potential confounders and were included

in the logistic regression. The area under the curve (AUC), cutoff point, sensitivity, and speci-

ficity were analyzed by receiver operating characteristic (ROC) curve. The Youden index was

used to determine the optimal cutoff point. It was calculated as follows: Youden

index = sensitivity + specificity − 1. Prevalence, positive predictive value (PPV), negative pre-

dictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR−) at

optimal cutoff point were calculated by Clinical Calculator 1 of VassarStats website (http://

vassarstats.net/clin1.html). A two-tailed P value� 0.05 was considered significant. The data

were analyzed by SPSS version 22.0 for Windows (SPSS Inc., Chicago, IL, USA).

Results

Clinical characteristics of patients with DFI

Of 1066 screened medical records, 373 patients met the inclusion criteria, and nine of them

were excluded. Of the nine excluded patients, two patients with rheumatoid arthritis, and

seven patients lacked necessary data in their medical records. In these incomplete medical rec-

ords, three patients had no laboratory test results because they refused to take fasting blood,

and no definite diagnosis was made in four patients with suspected DFO. One patient

requested to be discharged prior to MRI. One patient experienced an acute cerebrovascular

event, hence a planned bone biopsy was abandoned. Two patients refused bone biopsy. The

flow chart of this study is shown in Fig 1. A total of 364 DFI patients with complete data were

included in the analysis, including 163 patients with osteomyelitis and 201 patients without

osteomyelitis. The study population was predominantly normal renal function or mild to

moderately impaired (87.9%) and female (66.8%); mean age was 70 years (range, 36–97 years).

Of the 44 patients with SRI, 19 patients received hemodialysis, whose eGFR all less than 15

mL/min/1.73 m2, including 10 patients with DFO and nine patients without DFO. Differences

in gender, infection duration, signs of severe infection, eGFR, ESR, WBC count, hs-CRP level,

and HbA1c level were statistically significant among the four groups (P< 0.05). No significant

differences were found in age, BMI, diabetes duration, presence of PAD, and DPN between

groups (P> 0.05). Patient characteristics are summarized in Table 1.

Analysis of the interaction between ESR and SRI

Variables (gender, diabetes duration, PAD, hs-CRP, and HbA1c) with a univariate P� 0.1

were considered as potential confounders (Table 2). The variables of interest, including ESR,

SRI, and interaction between ESR and SRI, were included in the binary logistic regression

equation, and adjusted by potential confounders. The continuous variables included in logistic

regression analysis were converted into categorical variables to facilitate clinical interpretation

(assignment rules: ESR:� 30 mm/h, 1,> 30 to 60 mm/h, 2, > 60 to 90 mm/h, 3, and> 90

mm/h, 4; diabetes duration:� 10 years, 1, > 10 to 20 years, 2,> 20 to 30 years, 3, > 30 years,

4; hs-CRP:� 30.00 mg/L, 1,> 30.00 to 60.00 mg/L, 2,> 60.00 to 90.00 mg/L, 3, > 90.00 mg/L,

4; HbA1c:� 7.0%, 1, > 7.0 to 9.0%, 2,> 9.0 to 11.0%, 3,> 11.0%, 4). The analysis results

showed that every 30 mm/h increase in ESR increased the risk of diagnosing DFO (adjusted

odds ratio [OR], 2.40; 95% confidence interval [CI], 1.75–3.28; adjusted P< 0.001); SRI had

no effect on the diagnosis of DFO (adjusted OR, 3.20; 95% CI, 0.40–25.32; adjusted P = 0.271),

but it had an obstructive effect on the diagnosis of DFO by ESR (adjusted OR, 0.48; 95% CI,

0.23–0.99; adjusted P = 0.048). The main results from logistic regression analysis are shown in

Table 3.
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Accuracy of ESR in diagnosing DFO in patients with and without SRI

Of the 364 patients with DFI, 44 patients (mean age, 69 years, range, 36–95 years; 47.7% male)

met SRI standard. The average age of 320 patients without SRI was 70 years (range, 41–97

years), 31.3% were male. The median ESR in the patients with SRI was 70 mm/h (IQR, 47–90

mm/h); among patients without SRI the median ESR was 40 mm/h (IQR, 23–63 mm/h). The

Box–Whisker plot shows a significant difference (P< 0.001; Kruskal–Wallis H test) in ESR

Fig 1. The flow chart of the study. DFI, diabetic foot infection; DFO, diabetic foot osteomyelitis; SRI, severe renal impairment.

https://doi.org/10.1371/journal.pone.0265769.g001
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Table 1. Characteristics of patients with DFI.

SRI (n = 44) No SRI (n = 320) P value

DFO (n = 20) No DFO (n = 24) DFO (n = 143) No DFO (n = 177)

Age (years) 67 (8) 71 (12) 68 (12) 71 (11) 0.151c

Gendera 11 (55.0%) 10 (41.7%) 55 (38.5%) 45 (25.4%) 0.009d

BMI (kg/m2) 23.89 (2.88) 22.36 (2.52) 23.69 (3.14) 23.67 (3.36) 0.268c

Diabetes duration (years) 19 (16, 30) 18 (11, 23) 16 (10, 21) 16 (10, 21) 0.124e

Infection duration (weeks) 8 (3, 25) 4 (2, 12) 5 (3, 12) 4 (2, 11) 0.041e

Signs of severe infectionb 3 (15.0%) 8 (33.3%) 37 (25.9%) 18 (10.2%) < 0.001f

PAD 18 (90.0%) 22 (91.7%) 116 (81.1%) 140 (79.1%) 0.416f

DPN 9 (45.0%) 11 (45.8%) 86 (60.1%) 100 (56.5%) 0.398d

eGFR (mL/min/1.73 m2) 14.80 (7.62, 23.85) 18.37 (9.65, 26.12) 91.66 (68.20, 105.55) 85.19 (60.88, 98.54) < 0.001e

ESR (mm/h) 73 (53, 89) 61 (39, 90) 59 (39, 71) 28 (16, 44) < 0.001e

WBC (×109/L) 8.44 (6.72, 11.38) 8.83 (6.33, 13.41) 8.55 (6.62, 12.77) 7.36 (5.94, 9.35) 0.001e

hs-CRP (mg/L) 39.33 (7.72, 113.27) 27.35 (4.51, 73.78) 24.02 (6.18, 68.7) 3.09 (0.62, 16.12) < 0.001e

HbA1c (%) 7.1 (6.5, 8.6) 8.0 (6.7, 8.6) 9.2 (7.4, 10.7) 8.3 (7.1, 9.8) < 0.001e

Age and BMI are expressed as mean (standard deviation); diabetes duration, infection duration, eGFR, ESR, WBC, hs-CRP, and HbA1c are expressed as median (IQR);

gender, signs of severe infection, PAD, and DPN are expressed as N (%).
aN of male;
bIDSA/IWGDF classification scheme grade 4;
cone-way analysis of variance;
dPearson chi-square test;
eKruskal–Wallis H test;
fFisher’s exact probability test.

https://doi.org/10.1371/journal.pone.0265769.t001

Table 2. Univariate analysis between patients with and without SRI.

SRI (n = 44) No SRI (n = 320) P value

Age (years) 69 (10) 70 (11) 0.907c

Gendera 21 (47.7%) 100 (31.3%) 0.030d

BMI (kg/m2) 23.05 (2.76) 23.68 (3.26) 0.226c

Diabetes duration (years) 19 (13, 26) 16 (10, 21) 0.046e

Infection duration (weeks) 5 (3, 15) 4 (2, 12) 0.184e

Signs of severe infectionb 11 (25.0%) 55 (17.2%) 0.207d

PAD 40 (90.9%) 256 (80.0%) 0.082d

DPN 20 (83.3%) 186 (58.1%) 0.112d

WBC (×109/L) 8.44 (6.63, 12.46) 7.83 (6.20, 10.53) 0.150e

hs-CRP (mg/L) 29.88 (6.29, 97.56) 8.41 (1.29, 37.39) 0.001e

HbA1c (%) 7.7 (6.6, 8.6) 8.7 (7.2, 10.3) 0.001e

Age and BMI are expressed as mean (standard deviation); diabetes duration, infection duration, WBC, hs-CRP, and

HbA1c are expressed as median (IQR); gender, signs of severe infection, PAD, and DPN are expressed as N (%).
aN of male;
bIDSA/IWGDF classification scheme grade 4;
cone-way analysis of variance;
dPearson chi-square test;
eKruskal–Wallis H test.

https://doi.org/10.1371/journal.pone.0265769.t002
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between patients with and without SRI (Fig 2). According to the ROC analysis, the AUC of

ESR in diagnosis of DFO was 0.74 (95% CI, 0.68–0.79, P< 0.001), with the cutoff value of 45

mm/h, sensitivity of 70.6% (95% CI, 62.8%–77.3%), specificity of 72.1% (95% CI, 65.3%–

78.1%), prevalence of 44.8% (95% CI, 39.6%–50.1%), PPV of 67.3% (95% CI, 59.6%–74.1%),

NPV of 75.1% (95% CI, 68.3%–80.9%), LR+ of 2.53 (95% CI, 1.98–3.23), and LR–of 0.41 (95%

CI, 0.32–0.52). In patients without SRI, the AUC of ESR to diagnose DFO was 0.76 (95% CI,

0.71–0.81, P< 0.001), with the cutoff value of 45 mm/h, sensitivity of 67.8% (95% CI, 59.4%–

75.3%), specificity of 78.0% (95% CI, 71.0%–83.7%), prevalence of 44.7% (95% CI, 39.2%–

50.3%), PPV of 71.3% (95% CI, 62.8%–78.6%), NPV of 75.0% (95% CI, 68.0%–80.9%), LR+ of

3.08 (95% CI, 2.28–4.15), and LR–of 0.41 (95% CI, 0.32–0.53). In contrast, in patients with

SRI, the AUC of ESR in diagnosis of DFO was 0.57 (95% CI, 0.40–0.75, P = 0.409), with the

cutoff value of 42 mm/h, sensitivity of 95.0% (95% CI, 73.1%–99.7%), specificity of 29.2% (95%

CI, 13.4%–51.2%), prevalence of 45.5% (95% CI, 30.7%–61.0%), PPV of 52.8% (95% CI,

35.7%–69.2%), NPV of 87.5% (95% CI, 46.7%–99.3%), LR+ of 1.34 (95% CI, 1.02–1.77), and

LR–of 0.17 (95% CI, 0.02–1.41). The ROC analyses of all of the patients and the two subgroups

are shown in Fig 3. The sensitivity, specificity, PPV, NPV, LR+, and LR–with their 95% CIs of

all of the patients and the two subgroups are shown in Fig 4.

Discussion

Studies in recent decades have shown that ESR is a reliable serum inflammatory marker for

the diagnosis of DFO. The results of a prospective study have revealed that ESR > 67 mm/h

has the optimal sensitivity (84%) and specificity (75%) for the diagnosis of DFO [22]. Another

retrospective study involving 353 patients showed that when ESR was> 60 mm/h, the sensitiv-

ity of diagnosing DFO was 74% and the specificity was 56% [23]. A recent study has shown

that the AUC of ESR to diagnose DFO was 0.70, with the cutoff value of 49 mm/h, sensitivity

of 74.6%, and specificity of 57.7% [24]. A study in a Chinese population showed that the AUC

of ESR for the diagnosis of DFO was 0.832, with the cutoff value of 43 mm/h, sensitivity of

82.9%, and specificity of 70.5% [25]. ESR has been shown to increase in patients with renal dys-

function [26, 27]. In a retrospective study of 200 patients, the average ESR of patients with

chronic kidney disease stage 3 or stage 4, hemodialysis, and peritoneal dialysis was 42.71

±27.60 mm/h, 45.26±29.03 mm/h, and 39.92±28.24 mm/h, respectively; in contrast, the aver-

age ESR of kidney transplant patients was 25.95±21.51 mm/h [28]. Another study investigating

the changes in ESR in stable hemodialysis patients revealed that the average ESR before dialysis

was as high as 49.8±28.5 mm/h, and that it increased to 55.6±30.4 mm/h after dialysis [29]. In

patients with diabetic nephropathy, ESR increased to 52.02±27.71 mm/h [30]. Hence, it is

clear that with the decline in renal function, ESR increases in patients without recent infection;

however, its impact on the diagnosis of DFO has not been investigated previously.

Table 3. Analysis of the interaction between ESR and SRI in diagnosis of DFO.

Unadjusted Adjusted

OR value 95% CI for OR value P value OR value 95% CI for OR value P value

ESR 2.71 2.03–3.62 < 0.001 2.40 1.75–3.28 < 0.001

SRI 4.00 0.53–30.15 0.179 3.20 0.40–25.32 0.271

ESR×SRIa 0.46 0.22–0.95 0.036 0.48 0.23–0.99 0.048

Adjusting for gender, diabetes duration, PAD, hs-CRP, and HbA1c.
aInteraction between ESR and SRI.

https://doi.org/10.1371/journal.pone.0265769.t003
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There are three main findings from our research. First, there was an interaction between

ESR and SRI in diagnosis of DFO. Logistic regression analysis showed that elevated ESR

was associated with a higher probability of DFO; SRI was not directly associated with the

diagnosis of DFO, but it hindered the diagnosis of DFO by ESR. Second, the diagnostic

accuracy of ESR in DFI patients with SRI is lower, so that it may have no clinical reference

value. In DFI patients without SRI, there was a significant difference in ESR between

patients with osteomyelitis and those without osteomyelitis. In contrast, in DFI patients

with SRI, no statistical difference in ESR was observed between the two subgroups. When

renal function is normal or mild to moderate impairment, the AUC of ESR to diagnose

DFO is 0.76, which has a reasonable diagnostic value, but when renal impairment severely,

Fig 2. Box–Whisker plot of the difference in ESR between DFI patients with and without SRI. The graph presents the median, quartiles, and

range of ESR in DFI patients with and without SRI. The red dots and blue triangles show all individual data points of two groups of patients. The

median ESR of the 44 patients with SRI was 70mm/h (IQR, 47–90 mm/h); and the median ESR of the 320 patients without SRI was 40mm/h

(IQR, 23–63 mm/h). There was a statistically significant difference between patients with and without SRI (P< 0.001; Kruskal–Wallis H test).

DFI, diabetic foot infection; ESR, erythrocyte sedimentation rate; IQR, interquartile range; SRI, severe renal impairment.

https://doi.org/10.1371/journal.pone.0265769.g002
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the AUC drops to 0.57, which means that ESR has a limited value on predicting DFO. The

specificity of ESR to diagnose DFO in patients without SRI is 78.0%, moreover, the PPV at

about 45% prevalence and LR+ are 71.3% and 3.08, respectively. For patients with SRI, by

contrast, the specificity of ESR in diagnosis of DFO dramatically slides to 29.2%, further-

more, the PPV drops to 52.8% at a similar prevalence, and LR+ also noticeably declines to

1.34. Significantly decreased specificity, PPV, and LR+ indicates that ESR has a poor clinical

diagnostic value in patients with SRI. Third, although SRI showed a great interference with

the diagnosis of DFO by ESR in our study, the proportion of such patients only accounts for

12.1% of the total sample, which has a small impact on the overall diagnosis accuracy. The

AUC was similar in the entire sample and subgroup without SRI, with the same cutoff value

of 45 mm/h; there was little difference in sensitivity, specificity, PPV, NPV, LR+, and LR–at

the optimal cutoff point. This indicates that the previous research results are applicable to

most situations. However, when it is estimated that the patient’s renal function is severely

reduced, it is necessary to be aware that ESR should not be used as a reference for diagnos-

ing DFO, but the preliminary diagnosis should be made based on other methods, such as

probe-to-bone test or plain radiography.

Fig 3. ROC analysis for all of the patients and the two subgroups. The graph illustrates ROC analysis results for all of the patients (blue solid line), patients

without SRI (yellow solid line), and patients with SRI (green solid line). It can be seen that all of the patients and patients without SRI share similar curves, but

the curve of patients with SRI is far away from them and close to the expected line representing the performance of random guess (diagonal red dashed line).

Moreover, the AUC of patients with SRI is distinctly smaller than the other two groups (patients with SRI, 0.57; patients without SRI, 0.76; all of the patients,

0.74). These indicate ESR has a limited value on predicting DFO in patients with SRI. AUC, area under the curve; DFO, diabetic foot osteomyelitis; ESR,

erythrocyte sedimentation rate; ROC, receiver operating characteristic; SRI, severe renal impairment.

https://doi.org/10.1371/journal.pone.0265769.g003
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There are some limitations in this study. First, this was a retrospective study, and all of the

necessary data were extracted from an inpatient electronic medical record system. Second,

although we included a large number of cases, the optimal sample size was not calculated due

to the lack of relevant literature support. Third, most patients were diagnosed with DFO based

on clinical symptoms, signs, and auxiliary examination results, and only a fraction of patients

underwent bone biopsy. For clinical practice, current reference standard could guide diagnosis

and treatment well. Nevertheless, for diagnostic accuracy test, it is possible that DFO is

Fig 4. Box–Whisker plot of sensitivity, specificity, PPV, NPV, LR+, and LR–for all of the patients and the two subgroups. The panels summary the

sensitivity (A), specificity (B), PPV (C), NPV (D), LR+ (E), and LR–(F) with their 95% CIs at optimal cutoff points for all of the patients (45 mm/h), patients

without SRI (45 mm/h), and patients with SRI (42 mm/h), which were calculated by VassarStats. It is apparent that the sensitivity, specificity, PPV, NPV, LR

+, and LR–between all of the patients and patients without SRI are generally similar, with widely overlapping 95% CIs. What is interesting is that, the

specificity, PPV, and LR+ in patients with SRI are strikingly lower than the other two groups and 95% CIs do not widely overlap with them. These implies a

declining predictive value of DFO by ESR in patients with SRI. CI, confidence interval; DFO, diabetic foot osteomyelitis; ESR, erythrocyte sedimentation

rate; LR+, positive likelihood ratio; LR−, negative likelihood ratio; NPV, negative predictive value; PPV, positive predictive value; SRI, severe renal

impairment.

https://doi.org/10.1371/journal.pone.0265769.g004
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misdiagnosed. Therefore, there is still a need to develop a reference standard that takes into

account both diagnostic accuracy and clinical utility. Fourth, some studies have reported that

ESR increased after dialysis compared with before dialysis in stable dialysis patients, but there

was no related report in patients with active infection. We would observe the influence of

blood collection times on ESR of infected patients, so as to consider blood collection time of

dialysis patients as one of inclusion criteria. These conditions may have led to research bias.

Therefore, a well-designed prospective study with a priori calculated sample size is needed to

verify the reliability of our conclusions.

Conclusion

The present study was designed to assess the accuracy of ESR to diagnose DFO in patients

with SRI. The evidence gained here could help to understand the role of SRI in the diagnosis of

DFO by ESR. We have presented that when DFI patients without SRI (eGFR� 30 mL/min/

1.73 m2), the AUC, specificity, PPV, and LR+ were 0.76, 78.0%, 71.3%, and 3.08, respectively.

When DFI patients with SRI (eGFR< 30 mL/min/1.73 m2), the AUC (0.57), specificity

(29.2%), PPV (52.8%), and LR+ (1.34) of ESR in diagnosing DFO decreased significantly, so

that it could not distinguish well whether there is osteomyelitis in DFI patients. Previous stud-

ies have focused on fast and early diagnosis of DFO based on ESR, but the results of our study

emphasize that the use of ESR to diagnose DFO needs to consider SRI to make a reasonable

judgment, and other methods should be used for preliminary diagnosis when renal function is

severely reduced. Our study provided a deeper insight into the relationship between DFI and

SRI, and contributed to the understanding of the diagnosis of DFO by ESR. But with regard to

the retrospective research method, some important weaknesses need to be acknowledged. Fur-

ther prospective investigation will be needed based on a sample size calculated by findings

from current work.

Supporting information

S1 File. STROBE checklist.

(DOCX)

S1 Data. Minimal anonymized data set.

(XLSX)

Author Contributions

Conceptualization: Xin Chen, Huafa Que.

Data curation: Xin Chen, Yiting Shen, Yuying Wang, Yang Li, Shuyu Guo, Yue Liang, Xua-

nyu Wang, Siyuan Zhou, Xiaojie Hu, Kaiwen Ma, Rui Tian, Wenting Fei, Yuqin Sheng,

Hengjie Cao, Huafa Que.

Formal analysis: Xin Chen, Yang Li.

Funding acquisition: Huafa Que.

Investigation: Yiting Shen, Yuying Wang, Shuyu Guo, Yue Liang, Xuanyu Wang, Siyuan

Zhou, Xiaojie Hu, Kaiwen Ma, Rui Tian, Wenting Fei, Yuqin Sheng, Hengjie Cao.

Methodology: Xin Chen, Yang Li, Huafa Que.

Project administration: Huafa Que.

Supervision: Huafa Que.

PLOS ONE Erythrocyte sedimentation rate diagnosis of diabetic foot osteomyelitis and severe renal impairment

PLOS ONE | https://doi.org/10.1371/journal.pone.0265769 March 23, 2022 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265769.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265769.s002
https://doi.org/10.1371/journal.pone.0265769


Writing – original draft: Xin Chen, Yiting Shen, Yuying Wang.

Writing – review & editing: Xin Chen, Yiting Shen, Yuying Wang, Yang Li, Shuyu Guo, Yue

Liang, Xuanyu Wang, Siyuan Zhou, Xiaojie Hu, Kaiwen Ma, Rui Tian, Wenting Fei, Yuqin

Sheng, Hengjie Cao, Huafa Que.

References
1. Armstrong DG, Boulton AJM, Bus SA. Diabetic Foot Ulcers and Their Recurrence. N Engl J Med. 2017;

376(24):2367–75. https://doi.org/10.1056/NEJMra1615439 PMID: 28614678

2. Kee KK, Nair HKR, Yuen NP. Risk factor analysis on the healing time and infection rate of diabetic foot

ulcers in a referral wound care clinic. J Wound Care. 2019; 28(Sup1):S4–S13. https://doi.org/10.12968/

jowc.2019.28.Sup1.S4 PMID: 30724120

3. Jia L, Parker CN, Parker TJ, Kinnear EM, Derhy PH, Alvarado AM, et al. Incidence and risk factors for

developing infection in patients presenting with uninfected diabetic foot ulcers. PLoS One. 2017; 12(5):

e0177916. https://doi.org/10.1371/journal.pone.0177916 PMID: 28545120

4. Hicks CW, Selvarajah S, Mathioudakis N, Sherman RE, Hines KF, Black JH 3rd, et al. Burden of

Infected Diabetic Foot Ulcers on Hospital Admissions and Costs. Ann Vasc Surg. 2016; 33:149–58.

https://doi.org/10.1016/j.avsg.2015.11.025 PMID: 26907372

5. Wu WX, Liu D, Wang YW, Wang C, Yang C, Liu XZ, et al. Empirical Antibiotic Treatment in Diabetic

Foot Infection: A Study Focusing on the Culture and Antibiotic Sensitivity in a Population From Southern

China. Int J Low Extrem Wounds. 2017; 16(3):173–82. https://doi.org/10.1177/1534734617725410

PMID: 28836481

6. Macdonald KE, Jordan CY, Crichton E, Barnes JE, Harkin GE, Hall LML, et al. A retrospective analysis

of the microbiology of diabetic foot infections at a Scottish tertiary hospital. BMC Infect Dis. 2020; 20

(1):218. https://doi.org/10.1186/s12879-020-4923-1 PMID: 32164543

7. Tiwari S, Pratyush DD, Dwivedi A, Gupta SK, Rai M, Singh SK. Microbiological and clinical characteris-

tics of diabetic foot infections in northern India. J Infect Dev Ctries. 2012; 6(4):329–32. https://doi.org/

10.3855/jidc.1827 PMID: 22505442

8. Ndosi M, Wright-Hughes A, Brown S, Backhouse M, Lipsky BA, Bhogal M, et al. Prognosis of the

infected diabetic foot ulcer: a 12-month prospective observational study. Diabet Med. 2018; 35(1):78–

88. https://doi.org/10.1111/dme.13537 PMID: 29083500

9. Gouta EL, Khalfallah M, Dougaz W, Samaali I, Nouira R, Bouasker I, et al. Morbidity and mortality of

infected diabetic foot managed in general surgical department. Tunis Med. 2018; 96(12):875–83. PMID:

31131868

10. Chen SY, Giurini JM, Karchmer AW. Invasive Systemic Infection After Hospital Treatment for Diabetic

Foot Ulcer: Risk of Occurrence and Effect on Survival. Clin Infect Dis. 2017; 64(3):326–34. https://doi.

org/10.1093/cid/ciw736 PMID: 28013263

11. Lavery LA, Peters EJ, Armstrong DG, Wendel CS, Murdoch DP, Lipsky BA. Risk factors for developing

osteomyelitis in patients with diabetic foot wounds. Diabetes Res Clin Pract. 2009; 83(3):347–52.

https://doi.org/10.1016/j.diabres.2008.11.030 PMID: 19117631

12. Truong DH, Johnson MJ, Crisologo PA, Wukich DK, Bhavan K, La Fontaine J, et al. Outcomes of Foot

Infections Secondary to Puncture Injuries in Patients With and Without Diabetes. J Foot Ankle Surg.

2019; 58(6):1064–6. https://doi.org/10.1053/j.jfas.2019.08.013 PMID: 31679659
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