
O
R
IG

IN
A
L
A
R
T
IC

LE
Nephrol Dial Transplant , 2024, 39 , 1672–1682 

https://doi.org/10.1093/ndt/gfae050
Advance access publication date: 26 February 2024 

A tool to predict the risk of lower extremity amputation 

in patients starting dialysis 

Bram Akerboom 

1 , Roemer J. Janse 1 , Aurora Caldinelli 2 , Bengt Lindholm 

2 , Joris I. Rotmans 3 , Marie Evans 2 and Merel van Diepen 

1 

1 Department of Clinical Epidemiology, Leiden University Medical Center, Leiden, The Netherlands 
2 Department of Clinical Science, Intervention and Technology, Karolinska Institutet, Stockholm, Sweden 
3 Department of Internal Medicine, Division of Nephrology, Leiden University Medical Center, Leiden, The Netherlands 
Correspondence to: Bram Akerboom; E-mail: b.akerboom@lumc.nl

ABSTRACT 

Background. Non-traumatic lower extremity amputation (LEA) is a severe complication during dialysis. To inform decision-making 
for physicians, we developed a multivariable prediction model for LEA after starting dialysis. 

Methods. Data from the Swedish Renal Registry (SNR) between 2010 and 2020 were geographically split into a development and 
validation cohort. Data from Netherlands Cooperative Study on the Adequacy of Dialysis (NECOSAD) between 1997 and 2009 were 
used for validation targeted at Dutch patients. Inclusion criteria were no previous LEA and kidney transplant and age ≥40 years at 
baseline. A Fine–Gray model was developed with LEA within 3 years after starting dialysis as the outcome of interest. Death and 
kidney transplant were treated as competing events. One coefficient, ordered by expected relevance, per 20 events was estimated. 
Performance was assessed with calibration and discrimination. 

Results. SNR was split into an urban development cohort with 4771 individuals experiencing 201 (4.8%) events and a rural validation 

cohort with 4.876 individuals experiencing 155 (3.2%) events. NECOSAD contained 1658 individuals experiencing 61 (3.7%) events. Ten 

predictors were included: female sex, age, diabetes mellitus, peripheral artery disease, cardiovascular disease, congestive heart failure, 
obesity, albumin, haemoglobin and diabetic retinopathy. In SNR, calibration intercept and slope were –0.003 and 0.912, respectively. 
The C-index was estimated as 0.813 (0.783–0.843). In NECOSAD, calibration intercept and slope were 0.001 and 1.142 respectively. The 
C-index was estimated as 0.760 (0.697–0.824). Calibration plots showed good calibration. 

Conclusion. A newly developed model to predict LEA after starting dialysis showed good discriminatory performance and calibration. 
By identifying high-risk individuals this model could help select patients for preventive measures. 
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GRAPHICAL ABSTRACT 

KEY LEARNING POINTS 

What was known: 

• Patients on dialysis are at significant risk of lower extremity amputations (LEA), associated with significant morbidity and mor- 
tality.

• Measures such as proactive foot care have shown to be effective in preventing LEA.
• To our knowledge, no prediction for LEA for patients starting dialysis has been developed.

This study adds: 

• We developed and externally validated a model to predict LEA in patients starting dialysis.
• Our model appears to be well-suited to identify patients at low and high risk.
• By using both a Swedish and Dutch cohort, we show our model works in different populations.

Potential impact: 

• Our model could help to identify high-risk patients in order to initiate preventive measures.
• Our model could be a first step for future research on preventative measures by allowing researchers to select those patients 

most at risk.

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

Chronic kidney disease (CKD) affects more than 800 million indi-
viduals worldwide and is projected to be the fifth leading cause of
death by 2040 [1 ]. Patients with end-stage kidney disease (ESKD)
that require dialysis experience a very high burden of morbidity
and mortality [2 ]. In addition to their high mortality and risk of
cardiovascular disease, patients on dialysis are also at high risk
of foot ulceration and non-traumatic lower extremity amputa-
tion (LEA). Studies show a prevalence of LEA ranging from 1.7% to
13.4% [3 –5 ]. In patients with diabetes mellitus, dialysis is an even
greater risk factor for LEA than previous ulceration [6 ]. Dialysis
is also an independent risk factor for foot ulceration and recent 
commencement of dialysis increases the incidence of ulceration 
[7 –9 ]. 

The consequences of an LEA for patients are significant. A re- 
cent study found that an LEA in dialysis patients was associated 
with a 4-fold increase of mortality risk [10 ]. Another study found a
median survival of 16 months after amputations below knee and 
6 months after amputations above knee [11 ]. Amputations have 
also been associated with significant morbidity and lead to de- 
creased functional independence and quality of life [12 , 13 ]. 
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Treatment of foot ulceration includes relieving of high-pressure
reas, revascularization and aggressive control of infection. If this
s not effective, an LEA will have to be performed. Some studies
ave focused on the prevention of LEA. Marn Pernat et al . found
hat in diabetes patients on dialysis, monthly foot checks resulted
n a 17% decrease in amputations [14 ]. Education programs have
een shown to improve foot self-care knowledge and behavior
15 ]. Another study found that aggressive treatment of peripheral
rtery disease decreased the incidence of LEA [16 ]. 
To our knowledge, no prediction model has been developed to

redict LEA in patients starting dialysis. Being able to identify pa-
ients at risk would help the physician to select patients for pre-
entive measures. Additionally, despite the high incidence of LEA
n patients on dialysis, no larger trials focused on prevention have
een performed. Our model could help make these future trials
ore cost-effective. Therefore, we aimed to develop and validate
 multivariable prognostic model to predict LEA in patients on
hronic dialysis. 

ATERIALS AND METHODS 

e followed the Transparent Reporting of a multivariable predic-
ion model for Individual Prognosis Or Diagnosis (TRIPOD) state-
ent for reporting ( Supplementary data) [17 ]. 

ata sources 
ata from the Swedish Renal Registry (SNR) were used for model
evelopment and geographic validation. The SNR is an ongo-
ng registry of patients with CKD since 2008. Registration is
andatory for the nephrologist once a patient has an estimated
lomerular filtration rate < 30 mL/min/1.73 m2 . The registry con-
ains information on aetiology of kidney disease, demographics,
ype of kidney replacement therapy, vascular access, blood pres-
ure measurements and laboratory values. Yearly coverage of
wedish dialysis clinics ranges from 98% to 100% [18 ]. By link-
ng the SNR to national registries, medication use, comorbidities
nd procedures were identified through International Classifica-
ion of Diseases, Tenth Revision, KKÅ and ATC codes. A list of def-
nitions and how predictors were exactly derived can be found in
upplementary data, Table S1. The national registries automat- 
cally include every Swedish resident. Patients are informed of
hese registries and are allowed to opt out. 
The Netherlands Cooperative Study on the Adequacy of Dialy-

is (NECOSAD) was used for a targeted (external) model validation
n Dutch dialysis patients. NECOSAD is a multicentre cohort study
n 38 dialysis centres in the Netherlands from 1 January 1997 until
 January 2007. Patient follow-up lasted until the 26 May 2009. Pa-
ients with incident ESKD were included at the time of initiation
f dialysis. Study visits took place at the start of dialysis, at 3 and
 months, and subsequently at 6-month intervals until death, kid-
ey transplant or loss to follow-up. Data on demographics, comor-
idities, medication use and laboratory measurements were col-
ected on the first visit. Each subsequent visit patients were asked
f they had been admitted to the hospital and/or if they had re-
eived surgery. Reasons for admission and types of surgery were
egistered. All patients in the study gave informed consent for in-
lusion [19 ]. 

articipants 
ll patients starting haemo- or peritoneal dialysis were extracted
rom the SNR. Baseline was set at start of dialysis. The minimum
ge of inclusion into our study was ≥40 years at baseline. Pa-
ients with prior amputation and/or kidney transplantation were
xcluded from the analysis. Patients who started dialysis before
 January 2010 were excluded because the medication registry
oes not contain accurate data for these patients. Similarly, to ex-
lude interference of the COVID-19 pandemic administrative cen-
oring was set at 1 March 2020. The dataset was geographically
plit between urban counties functioning as development cohort
nd rural counties functioning as geographical validation cohort
argeted at rural areas. 
In NECOSAD, all patients with an age of ≥40 years at baseline

nd without prior amputation and kidney transplantation were
xtracted. Baseline was set at 3 months after starting dialysis. We
onsider these patients to be chronic and on their ‘definitive’ dial-
sis mode. 

utcome 

he outcome of interest for our model was non-traumatic lower
xtremity amputation within 3 years after baseline. 

ovariates 
n both cohorts, data on demographics, dialysis modality and vas-
ular access were extracted at baseline. All relevant comorbidities
egistered before baseline were extracted. Relevant medications
ere extracted if dispensed within 180 days before baseline. Lab-
ratory values and other clinical parameters were extracted based
n how many days before or after baseline they were measured,
s detailed in the Supplementary Methods. 

tatistical analysis 
ontinuous values were described as means with standard devi-
tions (SD) or as medians with interquartile ranges (IQR). Cate-
orical values were summarized as counts with percentages. The
ncidence of amputation, kidney transplantation and death were
isualized with cumulative incidence functions using the sub-
istribution function, which accounts for competing events [20 ]. 
Missing data were imputed with multiple imputations (five

imes) using the MICE package in R before splitting of data into
evelopment and validation cohorts. We prespecified that predic-
ors would not be used if they had more than 80% missing values.
umber of values missing per covariate and all variables used
n the imputation process are detailed in Supplementary data,
able S2. 
Candidate predictors were identified based on available liter-

ture, clinical expertise, transportability between different set-
ings, reliable registration and availability in daily clinical practice
4 , 21 –26 ]. We preselected a list of predictors and ordered them
ased on relevance (and therefore order of inclusion into the
odel). A list can be found in Supplementary data, Table S3. In
ECOSAD, two slightly different predictor definitions had to be
sed. First, we used any peripheral artery disease as a proxy for
ymptomatic peripheral artery disease. Second, we used retinopa-
hy with laser therapy as a proxy for diabetic retinopathy. We lim-
ted the number of coefficients based on available events, aiming
o have 20 or more events available per estimated coefficient. Be-
ause the data were not primarily collected to develop our model,
ssessment of predictors was blind for the outcome and vice
ersa. A time to event Fine–Gray model was used to account for
he presence of competing risks [20 ]. Death and kidney transplan-
ation were treated as competing events. The coefficients were
ombined with the baseline cumulative incidence function (CIF)
o create the final model. 
The model assumptions were assessed through clinical reason-

ng and additional analyses where needed. Collinearity of predic-
ors was examined through a correlation matrix using Spearman’s

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
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Total starting KRT in SNR
N = 27 158

Total starting KRT in SNR
January 2010–March 2020

N = 11 761

Total starting KRT in SNR
January 2010–March 2020

≥ 40 years
N = 10 533

Total starting KRT in SNR
January 2010–March 2020

≥ 40 years
No kidney transplant at first visit

N = 9959

Total starting KRT in SNR
January 2010–March 2020

≥ 40 years
No kidney transplant at first visit

No previous amputation
N = 9647

Start KRT before
January 2010 or
after March 2020
N = 15 397

< 40 years
N = 1228

Kidney transplant
at first visit
N = 574

Previous amputation
N = 312

< 40 years
N = 235

Previous amputation
N = 24

Missing outcome data
N = 38

Total starting dialysis in NECOSAD
N = 1955

Total starting dialysis in NECOSAD
≥ 40 years
N = 1720

Total starting dialysis in NECOSAD
≥ 40 years

No previous amputation
N = 1696

Total starting dialysis in NECOSAD
≥ 40 years

No previous amputation
No missing outcome data

N = 1658

Figure 1: Flow of patients through the study. Flowchart describing the number of patients being excluded in each step of the selection process. ( A ) Out 
of 27258 patients starting dialysis in the SNR, 9647 patients were included into the final analysis. ( B ) Out of 1995 patients in NECOSAD, 1658 were 
included in the final analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rank correlation coefficients. Linearity of continuous predictors
was checked by plotting them as a restricted cubic spline to the
log relative hazard. The proportionality assumption was tested by
visual inspection of the residuals plot. 

Model performance was assessed through calibration and dis-
crimination. Calibration plots were created by plotting the pre-
dicted to the observed event rate with censoring handled based
on jack-knife pseudo-values [27 ]. A LOESS curve was fitted with
a span of 0.33. Calibration intercepts and calibration slopes were
also estimated, which in a perfectly calibrated model approach
the values of 0 and 1, respectively. Because of the presence of com-
peting events, the observed risk was estimated using the Aalen–
Johansen estimator [28 , 29 ]. 

Because of the presence of competing risk, discrimination was
determined using an adaptation of the Harrell’s C-index by Wol-
bers et al . Patients experiencing a competing event are not cen-
sored but retained in the risk set whilst setting their follow-up
time to infinity, thus indicating that they will never experience the
event of interest [28 –30 ]. The cumulative/dynamic AUCt, proposed
as a better measure of discrimination in single time-point predic-
tion models, was estimated as well [31 ]. Confidence intervals for
the C-index and the AUCt were calculated with 300 bootstraps. 

We performed a number of sensitivity analyses in SNR. During
these analyses we used the original model to perform additional
validation analyses. First, because patients can still suffer an am-
putation after receiving a kidney transplant, an analysis which
did not treat kidney transplantation as a competing or censoring
event was done. Second, to assess performance in patients with
previous amputations, an analysis was done which did not ex-
clude these patients. Third, because patients that recover from
dialysis might not be representative for the general dialysis pop- 
ulation, an analysis was done which excluded these patients. 

In NECOSAD, to assess performance if the model is used at dial-
ysis initiation, we performed a sensitivity analysis with baseline 
set at start of dialysis instead of 3 months after start. 

We used R version 4.2.1 (R Foundation for Statistical Comput- 
ing, Vienna, Austria) for all statistical analyses. 

Ethical approval 
For SNR, patients were informed and had the possibility to opt- 
out. No additional individual consent is required for specific this 
research project. The study was approved by the ethical review 

board in Stockholm (Dnr 2018/1591-31/2). For NECOSAD, the in- 
stitutional review board of the Academic Medical Hospital, Am- 
sterdam, the Netherlands approved the study (MEC95/226a), and 
the institutional review boards of all participating hospitals pro- 
vided additional local approval. All patients gave written informed 
consent. Furthermore, the protocol was approved by the scientific 
review board of the department of Clinical Epidemiology. 

RESULTS 

Baseline characteristics 
We extracted data on 27 158 patients from the SNR, of which
9647 were identified to meet our inclusion criteria. SNR was then 
split into a development cohort with 4771 patients and a valida- 
tion cohort with 4876 patients. We extracted 1955 patients from 

NECOSAD, of which 1658 were identified to meet our inclusion cri- 
teria (Fig. 1 ). 
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Baseline characteristics of both SNR cohorts and the NECOSAD
ohort are summarized in Table 1 . The three most common co-
orbidities in SNR were hypertension (88.1%), diabetes mellitus

44.3%) and obesity (35.1%). Characteristics of the two SNR cohorts
re similar. However, small differences are seen in the causes of
KD and the modality of dialysis. 
Compared with SNR, patients in the NECOSAD cohort on aver-

ge were younger (65 vs 70 years) and their cause of CKD was less
ften classified as diabetic nephropathy (16.1% vs 25.4%). Regard-
ng comorbidities, they less often suffered from diabetes mellitus
23.3% vs 44.3%), cardiovascular disease (29.7% vs 38.7%), conges-
ive heart failure (12.6% vs 29.8%) and obesity (10.3% vs 35.1%),
ut more often had peripheral artery disease (14.3% vs 9.0%). Re-
arding medication use, patients in NECOSAD also less often used
tatins (30.4% vs 53.0%), acetylsalicylic acid (31.1% vs 36.8%) and
nsulin (14.9% vs 28.2%). 

utcome incidence 

he cumulative incidence functions showed a high inci-
ence of competing events in both SNR and NECOSAD
Fig. 2 ). 
In SNR, we identified 356 non-traumatic LEA (3.7%). A sin-

le traumatic amputation was identified and excluded from the
nalysis. Fewer amputations occurred in the validation cohort
3.2%) compared with the development cohort (4.1%). Almost
0% of amputations were above the ankle. A total of 201 non-
raumatic amputations were identified in the development cohort
Table 2 ). 
In NECOSAD, we identified 61 non-traumatic LEA (3.7%). Ap-

roximately half of amputations were above the ankle. Overall,
.2% of amputations were classified as amputations of the ‘leg’
ithout specifying the exact site. Median time to amputation was

onger in NECOSAD compared with SNR (14.0 vs 11.5 months) (Ta-
le 2 ). 

odel development 
fter taking the number of events into account, we included the
ollowing 10 variables: female sex, age when starting dialysis, di-
betes mellitus, symptomatic peripheral artery disease, cardio-
ascular disease (cerebral vascular disease or coronary artery
isease), congestive heart failure, obesity, albumin, haemoglobin
nd diabetic retinopathy. The model assumptions were all met
 Supplementary data, Table S4, and Figs S1 and S2). No variable
ransformations were deemed necessary. 
The coefficients and the cumulative incidence at 3 years were

ombined into the following formula: 

1 − 0 . 9904 ∧exp ( −0 . 4652 ∗ Female − 0 . 0003 ∗ Age + 0 . 7332 ∗
Diabetes Mellitus + 0 . 9705 ∗ Symptomatic peripheral artery disease 

+0 . 3577 ∗ Cardiovascular disease (Coronary artery disease or 
Cerebral vascular disease ) + 0 . 5456 ∗ Congestive heart failure 
+0 . 2953 ∗ Obesity − 0 . 0128 ∗ Albumin ( g/L ) + 0 . 108 ∗
Haemoglobin (mmol /L ) + 0 . 8981 ∗ Diabetic retinopathy ) 

f a comorbidity is present it is coded as 1, otherwise it is coded as
. For example, a 56-year-old woman with an albumin of 25 g/L, a
aemoglobin of 5 mmol/L and a history of diabetes and coronary
rtery disease would have a predicted risk of: 
1 − 0 . 9904 ∧exp ( − 0 . 4652 ∗ 0 − 0 . 0003 ∗ 60 + 0 . 7332 ∗ 1 
+ 0 . 9705 ∗ 1 + 0 . 3577 ∗ 1 + 0 . 5456 ∗ 1 + 0 . 2953 ∗ 1 − 0 . 0128 ∗ 20 
+ 0 . 108 ∗ 6 + 0 . 8981 ∗ 0) = 0 . 095 

1 − 0 . 9904 ∧ exp (−0 . 4652 ∗ 1 − 0 . 0003 ∗ 56 + 0 . 7332 ∗ 1 
+ 0 . 9705 ∗ 0 + 0 . 3577 ∗ 1 + 0 . 5456 ∗ 0 + 0 . 2953 ∗ 0 − 0 . 0128 ∗ 25 
+ 0 . 108 ∗ 5 + 0 . 8981 ∗ 0) = 0 . 022 

herefore, her predicted probability of suffering an LEA within
 years after starting dialysis is 2.2%. 
A 60-year-old obese man with an albumin of 20 g/L, a

aemoglobin of 6 mmol/L, a history of diabetes, peripheral artery
isease and congestive heart failure would have a predicted risk
f: 

1 − 0 . 9904 ∧ exp (−0 . 4652 ∗ 0 − 0 . 0003 ∗ 60 + 0 . 7332 ∗ 1 
+ 0 . 9705 ∗ 1 + 0 . 3577 ∗ 1 + 0 . 5456 ∗ 1 + 0 . 2953 ∗ 1 − 0 . 0128 ∗ 20 
+ 0 . 108 ∗ 6 + 0 . 8981 ∗ 0) = 0 . 095 

herefore, his predicted probability of suffering an LEA within
 years after starting dialysis is 9.5%.

1 − 0 . 9904 ∧ exp (−0 . 4652 ∗ 0 − 0 . 0003 ∗ 60 + 0 . 7332 ∗ 1 
+ 0 . 9705 ∗ 1 + 0 . 3577 ∗ 0 + 0 . 5456 ∗ 1 + 0 . 2953 ∗ 1 − 0 . 0128 ∗ 20 
+ 0 . 108 ∗ 6 + 0 . 8981 ∗ 0) = 0 . 163 

herefore, his predicted probability is 16.3%. 
A summary of the cumulative incidence at 3 years and

oefficient values including standard errors can be found in
upplementary data, Table S5. 

odel validation 

n the SNR validation cohort predicted probabilities ranged from
.5% to 45.9%. For patients with diabetes mellitus type 2 the me-
ian (IQR) predicted probability was 6.6% (3.7%, 10.5%), for pa-
ients without diabetes mellitus type 2 this was 1.4% (1.1%, 1.9%).
he distribution of all predicted probabilities can be found in
upplementary data, Fig. S3. The vast majority of patients (97.5%)
ad a predicted probability of less than 20%. These predictions
re well calibrated. For the small number of patients at higher
isk than 20% the model overpredicts (Fig. 3 A). The calibration in-
ercept and slope were –0.003 and 0.912, respectively. The C-index
as estimated at 0.813 (0.783–0.843). AUCt was estimated at 0.818
0.787–0.849) (Table 3 ). 
In the NECOSAD cohort predicted probabilities ranged from

.5% to 33.2%. The model was well calibrated in all ranges (Fig. 3 B).
he calibration intercept and slope were 0.001 and 1.142, respec-
ively. The C-index was estimated at 0.760 (0.697–0.824). AUCt
as estimated at 0.764 (0.697–0.831) in the NECOSAD cohort
Table 3 ). 
The sensitivity analyses in SNR showed a slightly lower C-index

n patients starting dialysis after failing a kidney transplant 0.799
0.767–0.832). The sensitivity analysis in NECOSAD with baseline
et at start of dialysis found a slightly higher C-index of 0.769
0.697–0.841) but the model seemed to underpredict somewhat
etween 7% to 17% predicted probability. Other sensitivity analy-
es did not find any differences in performance (Table 3 ). Calibra-
ion plots can be found in Supplementary data, Fig. S4. 

ISCUSSION 

o our knowledge, we have developed the first model to predict
he probability of an LEA in patients starting dialysis. In our co-
orts, 3.7% of patients starting dialysis suffered an LEA within 3
ears. The high incidence of LEA and the relative severity of the

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfae50#supplementary-data
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Table 1: Baseline characteristics of development and validation cohorts, before imputation. 

SNR overall SNR development SNR validation NECOSAD

Number of patients 9647 4771 4876 1658 
Age, median (IQR) 70 (60, 77) 69 (59, 76) 70 (61, 78) 65 (55, 73) 
Female (%) 3207 (33.2) 1563 (32.8) 1644 (33.7) 640 (38.6) 
BMI (kg/m2 ), mean (SD) 27.4 (5.7) 27.3 (5.8) 27.4 (5.6) 24.9 (4.2) 
Blood pressure, mean (SD) 
Systolic blood pressure (mmHg) 144.1 (22.4) 143.5 (22.5) 144.7 (22.4) 144.1 (22.4)
Diastolic blood pressure (mmHg) 77.0 (12.8) 76.9 (12.9) 77.1 (12.7) 77.0 (12.8)

Cause of CKD, n (%) 
Diabetic nephropathy 2446 (25.4) 1283 (26.9) 1163 (23.9) 246 (16.1) 
Glomerulonephritis 1138 (11.8) 579 (12.1) 559 (11.5) 190 (12.5) 
Hypertension/renovascular 1895 (19.6) 768 (16.1) 1127 (23.1) 317 (20.8) 
Polycystic kidney disease 696 (7.2) 358 (7.5) 338 (6.9) 181 (11.9) 
Pyelonephritis 262 (2.7) 149 (3.1) 113 (2.3) 113 (7.4) 
Other 1077 (11.2) 557 (11.7) 520 (10.7) 200 (13.1) 
Unspecified 3188 (33.0) 1737 (36.4) 1451 (29.8) 278 (18.2) 

PD (%) 1077 (11.2) 557 (11.7) 520 (10.7) 526 (31.7) 
HD vascular access, n (%) 
AV fistula 2087 (39.3) 923 (37.0) 1164 (41.3) –
Central venous catheter 2946 (55.5) 1402 (56.2) 1544 (54.8) –
Other 14 (0.3) 3 (0.1) 11 (0.4) –
Synthetic graft 265 (5.0) 166 (6.7) 99 (3.5) –

Laboratory values 
eGFR (mL/min/1.73 m2 ), median (IQR) 6.3 (4.9, 8.3) 6.3 (4.8, 8.5) 6.3 (4.9, 8.2) 6.4 (5.0,8.3) 
HbA1C (mmol/mol), median (IQR) 45.0 (37.8, 57.0) 44.0 (36.0, 55.0) 48.0 (39.0, 58.5) –
Albumin (g/L), mean (SD) 34.1 (5.7) 32.8 (5.4) 35.3 (5.7) 35.9 (7.1) 
Haemoglobin (mmol/L), mean (SD) 6.7 (0.9) 6.7 (0.8) 6.8 (0.9) 6.9 (1.0) 
Calcium albumin corrected (mmol/L), mean (SD) 2.4 (0.2) 2.4 (0.2) 2.4 (0.2) 2.4 (0.3) 
Phosphate (mmol/L), mean (SD) 1.7 (0.5) 1.7 (0.5) 1.7 (0.5) 1.8 (0.4) 
PTH (pg/mL), median (IQR) 23.2 (13.7, 38.0) 23.0 (13.2, 38.0) 24.0 (14.0, 38.0) –
CRP (mg/L), median (IQR) 5.3 (3.0, 15.0) 5.0 (2.2, 13.0) 6.0 (3.8, 15.0) 6.0 (3.0,15.0) 
Cholesterol total (mmol/L), mean (SD) 4.4 (2.3) 4.4 (1.9) 4.4 (2.7) 5.0 (1.3) 
Cholesterol HDL (mmol/L), median (IQR) 1.1 (0.9, 1.4) 1.1 (0.9, 1.4) 1.1 (0.9, 1.4) –
Triglycerides (mmol/L), median (IQR) 1.6 (1.2, 2.4) 1.6 (1.2, 2.4) 1.7 (1.2, 2.3) –

Medication, n (%) 
Antiplatelets 3831 (39.7) 1839 (38.5) 1992 (40.9) –
Acetylsalicylic acid 3548 (36.8) 1706 (35.8) 1842 (37.8) 464 (31.1) 
Clopidogrel 532 (5.5) 237 (5.0) 295 (6.1) –
Dipyridamole 82 (0.9) 42 (0.9) 40 (0.8) –
Antidiabetics 3086 (32.0) 1565 (32.8) 1521 (31.2) –
Non-insulin 695 (7.2) 372 (7.8) 323 (6.6) –
Insulin 2719 (28.2) 1371 (28.7) 1348 (27.6) 221 (14.9) 
Statins 5109 (53.0) 2524 (52.9) 2585 (53.0) 454 (30.4) 
Antihypertensives 8740 (90.6) 4352 (91.2) 4388 (90.0) 1390 (91.6) 
ACE-I 2322 (24.1) 1215 (25.5) 1107 (22.7) 564 (34.0) 
ARBs 3179 (33.0) 1567 (32.8) 1612 (33.1) 191 (11.5) 
Calcium antagonists 6707 (69.5) 3330 (69.8) 3377 (69.3) 788 (47.5) 
Beta blocker 6748 (69.9) 3338 (70.0) 3410 (69.9) 675 (40.7) 
Thiazide diuretics 603 (6.3) 255 (5.3) 348 (7.1) 588 (35.5) 

Comorbidities, n (%) 
Peripheral artery disease 868 (9.0) 448 (9.4) 420 (8.6) 216 (14.3) 
Diabetes mellitus 4270 (44.3) 2171 (45.5) 2099 (43.0) 353 (23.3) 
Cardiovascular disease 3734 (38.7) 1824 (38.2) 1910 (39.2) 449 (29.7) 
Coronary artery disease 2868 (29.7) 1401 (29.4) 1467 (30.1) 344 (22.8) 
Cerebral vascular disease 1511 (15.7) 744 (15.6) 767 (15.7) 148 (9.8) 
Congestive heart failure 2876 (29.8) 1451 (30.4) 1425 (29.2) 191 (12.6) 
Atrial fibrillation 1924 (19.9) 939 (19.7) 985 (20.2) –
Valvular disease 790 (8.2) 398 (8.3) 392 (8.0) –
Obesity 1950 (35.1) 952 (36.6) 998 (33.9) 161 (10.3) 
Hypertension 8499 (88.1) 4247 (89.0) 4252 (87.2) 1390 (91.6) 
Dyslipidemia 2849 (29.5) 1440 (30.2) 1409 (28.9) –
Bone fracture in the past year 449 (4.7) 241 (5.1) 208 (4.3) –
Malignancy in the past 10 years 2291 (23.7) 1181 (24.8) 1110 (22.8) 165 (10.9) 

Continuous values are described as means with standard deviations if normally distributed, or as medians with IQRs if skewed. Categorical values are summarizes 
as counts with percentages. 
BMI, body mass index; PD, peritoneal dialysis; HD, haemodialysis; AV fistula, arteriovenous fistula; eGFR, estimated glomerular filtration rate; PTH, parathyroid 
hormone; CRP, C-reactive protein; HDL, high-density lipoprotein; ACE-I, ACE inhibitors; ARBs, angiotensin II receptor blockers; –, no data available. 
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Figure 2: Cumulative incidence function of amputation, death or transplantation. ( A ) The cumulative incidence function accounts for competing 
events and censoring. It shows the cumulative probability of the three possible outcomes within 10 years: amputation as first event, kidney transplant 
as first event or death in the overall SNR cohort. ( B ) Cumulative incidence function for the NECOSAD cohort. 

Table 2: Number and site of non-traumatic LEA within 3 years after starting dialysis. 

SNR overall SNR development SNR validation NECOSAD validation 

Number of patients 9647 4876 4771 1658 
Months to incident amputation, median (IQR) 11.5 (6.1, 21.0) 12.2 (6.8, 21.1) 9.6 (5.6, 20.6) 14.0 (8.2, 25.7) 
Amputation, n (%) 356 (3.7) 201 (4.1) 155 (3.2) 61 (3.7) 
Above knee, n (%) 71 (20.0) 39 (19.4) 32 (20.6) 8 (13.0)
Below knee, n (%) 166 (46.8) 89 (44.3) 77 (49.7) 23 (37.7) 
Forefoot, n (%) 33 (9.3) 24 (11.9) 9 (5.8) 5 (8.2) 
Toe, n (%) 86 (24.2) 49 (24.4) 37 (23.9) 20 (32.8) 
Unspecified, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 5 (8.2) 
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mputations, with 50%–70% of amputations performed above the
nkle, underline the importance of this subject. As expected, me-
ian predicted probability was higher for patients with diabetes
ellitus type 2 compared with those without (6.6% vs 1.4%). In

he SNR validation (rural) cohort, our model was well calibrated
or almost all patients and we found a C-index of 0.813 (0.783–
.843). While patients starting dialysis in the NECOSAD cohort
ere on average 5 years younger and had far fewer comorbidities,
ur model still performed relatively well with a C-index of 0.760
0.697–0.824) and a calibration plot showing that the model was
ell calibrated in all ranges. 
Models to predict LEA have traditionally focussed on patients

uffering from diabetes mellitus or presenting with critical is-
hemia. A recent meta-analysis found 34 models to predict foot
lceration or LEA; however, although dialysis significantly in-
reases the risk of LEA, none of these models included dialysis as
redictor or inclusion criterion [23 ]. None of the mentioned mod-
ls was applicable to our target population. 
Due to the associated morbidity and mortality, prevention of

EA is important. The Dutch association of internal medicine
NIV) and International Working Group on the Diabetic Foot
IWGDF) guidelines recommend all diabetic patients on dialysis
o visit the podiatrist every 1–3 months [32 , 33 ]. Similarly, in the
K, the National Institute for Health and Care Excellence (NICE)
uideline recommends a visit every 1 week to 2 months [34 ]. We
eel our model could help physicians and diabetic nurses iden-
ify for which patients this frequency should be increased. Im-
ortantly, these guidelines have proposed frequent foot care for
ll dialysis patients since 2015. As a result, the predictions of our
odel reflect a setting in which half of the patients in SNR—who
ere included between 2010 and 2020–would already fall under
his new guideline. The physician or diabetic nurse should ac-
ount for this when deciding if a patient should receive a lower
han recommended frequency of foot care based on low predicted
isk [35 ]. The validation in the Dutch cohort is not affected by this
ince no patients were included after 2007 and our follow-up was
imited to 3 years. 
Further research is needed to explore the applicability of the
odel in different clinical settings of interest, and additional tar-
eted validation studies are encouraged to assess its performance
36 , 37 ]. Additionally, more research on prevention of amputations
s necessary. Only one large study has examined the effect of rou-
ine foot checks on the incidence of LEA in patients on dialysis.
hile the authors found it decreased amputation rate by 17%, it
id not have a control group and only examined patients suffer-
ng from diabetes [14 ]. Our model could provide the first step for
uture research, by allowing researchers to select those patients
ost at risk. In the meantime, the model can be a valuable tool to
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Figure 3: Calibration plot. ( A ) The predicted probability in the SNR validation cohort is plotted to the observed probability. The shaded area indicates 
the 95% confidence interval. The grey 45 degree line indicates perfect calibration. Histograms show the relative density of either amputation or other 
type event compared with the predicted probability. The cohort is also divided into 10 percentiles according to their predicted probability. The grey dots 
show the average predicted probability of each group plotted against the average observed frequency. ( B ) The same figure for the NECOSAD cohort. 
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Table 3: Discrimination and calibration during main and sensitivity analyses. 

Cohort C-index AUCt 

Calibration 
intercept 

Calibration 
slope 

Main analyses 
SNR validation (rural) 0.813 (0.783–0.843) 0.818 (0.787–0.849) –0 .003 0 .912 
NECOSAD validation 0.760 (0.697–0.824) 0.764 (0.697–0.831) 0 .001 1 .142 

Sensitivity analyses 
NECOSAD: baseline 0 months 0.769 (0.697–0.841) 0.770 (0.698–0.843) 0 .001 1 .328 
SNR: recovered patients excluded 0.811 (0.782–0.839) 0.818 (0.786–0.849) –0 .003 0 .911 
SNR: TX not censored/competing 0.812 (0.782–0.842) 0.818 (0.787–0.849) –0 .004 0 .915 
SNR: previous TX not excluded 0.799 (0.767–0.832) 0.800 (0.766–0.834) –0 .002 0 .934 

TX, kidney transplantation. 
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dentify individual patients at high risk who are in need for more
are. 
Besides foot care, other possible interventions that could pre-

ent LEA can be started. Stricter glycaemic targets in patients with
iabetes should be considered [38 ]. More aggressive treatment of
eripheral artery disease with statins is also a promising interven-
ion [39 ]. Even a healthier lifestyle could be promoted by showing
he patient insight into their risk of LEA. 
Our study has a number of strengths. First, the high incidence

f competing events shows that developing a Fine–Gray model in-
tead of a Cox proportional hazards model was essential. The high
ortality in our cohort would have led to overprediction if a Cox
roportional hazards model had been used [28 ]. Second, by pres-
lecting our predictors, using a large sample size and limiting the
odel to a minimum of 20 events per coefficient we minimized

he risk of overfitting, supported by robust discrimination and cal-
bration in two different validation cohorts. Third, performance
tayed high even though patients in NECOSAD were younger and
ad far fewer comorbidities than those in SNR. Fourth, sensitiv-
ty analyses showed model performance is robust to our choices
ade during development. 
There are some limitations. First, data on several potentially

mportant predictors such as smoking, ethnicity, neuropathy, min-
ral bone disease and ulceration were not available. However,
 part of the predictive effect of these predictors is likely in-
luded into our model through other predictors (e.g. someone
ho smokes is also more likely to have cardiovascular disease).
ur results during validation show we do not need these predic-
ors included into the model to generate accurate predictions. Fu-
ure studies could try to add these predictors. Second, because
he model is developed and validated in Northern/Western Euro-
ean countries it might be less applicable in regions with differ-
ng income levels, ethnic makeup, dialysis preferences or health-
are systems. Therefore, it requires further targeted validation in
hese settings. Third, because the NECOSAD cohort included pa-
ients from 1997 to 2007 it might be less representative of current
are. 
In conclusion, LEA are a severe complication during dialysis

nd occur frequently enough to warrant preventive measures.
o our knowledge, we have developed the first model to predict
he risk of amputations after starting dialysis. Our model was
ell suited to identify patients at low and high risk in Dutch and
wedish cohorts. Using our prediction model to identify high-risk
ndividuals could help in the stratification of patients for preven-
ive measures. 
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