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Abstract

Background Open calcaneus fractures can be limb

threatening and almost universally result in some measure

of long-term disability. A major goal of initial management

in patients with these injuries is setting appropriate

expectations and discussing the likelihood of limb salvage,

yet there are few tools that assist in predicting the outcome

of this difficult fracture pattern.

Questions/purposes We developed two decision support

tools, an artificial neural network and a logistic regression

model, based on presenting data from severe combat-

related open calcaneus fractures. We then determined

which model more accurately estimated the likelihood of

amputation and which was better suited for clinical use.

Methods Injury-specific data were collected from woun-

ded active-duty service members who sustained combat-

related open calcaneus fractures between 2003 and 2012.

One-hundred fifty-five open calcaneus fractures met

inclusion criteria. Median followup was 3.5 years (inter-

quartile range: 1.5, 5.1 years), and amputation rate was

44%. We developed an artificial neural network designed

to estimate the likelihood of amputation, using information

available on presentation. For comparison, a conventional

logistic regression model was developed with variables

identified on univariate analysis. We determined which

model more accurately estimated the likelihood of ampu-

tation using receiver operating characteristic analysis.

Decision curve analysis was then performed to determine

each model’s clinical utility.

Results An artificial neural network that contained eight

presenting features resulted in smaller error. The eight

features that contributed to the most predictive model were

American Society of Anesthesiologist grade, plantar sen-

sation, fracture treatment before arrival, Gustilo-Anderson

fracture type, Sanders fracture classification, vascular

injury, male sex, and dismounted blast mechanism. The

artificial neural network was 30% more accurate, with an
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area under the curve of 0.8 (compared to 0.65 for logistic

regression). Decision curve analysis indicated the artificial

neural network resulted in higher benefit across the

broadest range of threshold probabilities compared to the

logistic regression model and is perhaps better suited for

clinical use.

Conclusions This report demonstrates an artificial neural

network was capable of accurately estimating the likeli-

hood of amputation. Furthermore, decision curve analysis

suggested the artificial neural network is better suited for

clinical use than logistic regression. Once properly vali-

dated, this may provide a tool for surgeons and patients

faced with combat-related open calcaneus fractures in

which decisions between limb salvage and amputation

remain difficult.

Level of Evidence Level IV, prognostic study. See

Instructions for Authors for a complete description of

levels of evidence.

Introduction

Open calcaneus fractures are limb threatening and complex

and frequently result in long-term morbidity [12, 14, 18,

23]. Reports in the civilian literature have documented high

complication rates (up to 78% of patients treated for these

injuries [3, 6, 7, 14, 18, 20, 24, 30]). We previously

reported a series of combat-related open calcaneus frac-

tures having an exceedingly high complication rate, with

more than 42% undergoing amputations for failed limb

salvage at final followup [12]. Though variables including

the size of the open wound, ipsilateral forefoot fractures,

and Gustilo-Anderson fracture type were independently

associated with failed limb salvage and eventual amputa-

tion by logistic regression [12], this method has not been

validated. As such, it is unknown whether accurate, indi-

vidualized estimates of the likelihood of successful limb

salvage can be derived to guide patient treatment.

The goal of treating open calcaneus fractures is to

maximize function and quality of life while setting

appropriate expectations for outcome [5, 18, 22, 34]. Limb

salvage frequently requires multiple surgeries and entails

significant perioperative morbidity, pain, high complica-

tion rates, and lengthy hospital stays [5, 12, 23, 34].

Furthermore, because functional results of ‘‘late’’ amputa-

tions may not be as good as primary amputations [10, 19], a

method that is able to estimate the likelihood of successful

limb salvage at or soon after presentation could prove

extremely valuable.

Artificial neural networks are statistical programs that

can be used to identify relationships in data sets that are

often not evident using traditional frequentist statistics. As a

machine learning technique, the artificial neural network

assesses relationships between input variables or ‘‘features’’

to arrive at a predetermined output—in this case, eventual

amputation or successful limb salvage. Artificial neural

networks have a vast number of applications as bioinfor-

matics tools and have been successfully used for estimating

the likelihood of various oncologic outcomes including

survival, diagnosis, and staging [2, 15, 29, 32, 35].

When developing prognostic models, emphasis is usually

placed on maximizing accuracy. However, this alone does not

necessarily translate into how well a model might perform in a

clinical setting because traditional means of assessing accu-

racy such as receiver operator characteristic (ROC) analysis

do not weigh the clinical consequences of a falsely positive or

negative result [11, 15, 31]. Decision curve analysis [31] is

therefore required to characterize consequences of wrong

answers generated by the model(s) and help determine

whether the model is suited for clinical use. This stipulation is

particularly important to consider in the context of this study,

since overtreatment of the condition would lead to amputa-

tion, which is irreversible.

We therefore developed and validated a clinical decision

support tool for severe open calcaneus fractures sustained

in combat. We developed two models, an artificial neural

network and a logistic regression model, using information

available during the initial débridements and asked the

following research questions: (1) Which model more

accurately estimated the likelihood of eventual amputation

on ROC analysis? And (2) which model, if any, is better

suited for clinical use using decision curve analysis [31]?

Patients and Methods

After institutional review board approval, we searched our

institution’s electronic medical record for all patients

treated for a combat-related open calcaneus fracture

between March 2003 and March 2012. Information was

gleaned from several sources, including the Armed Forces

Health Longitudinal Technology Application, which is the

electronic medical record and coding system for the Mili-

tary Health System; the Joint Theater Trauma Registry,

which is a database of medical treatment information for

casualties injured in combat operations abroad; and the

local Surgical Scheduling System, which is an electronic

operative case log of all surgical procedures at our insti-

tution. All databases were queried to identify patients with

open or closed calcaneus fractures (ICD-9 code 825.0,

Current Procedural Terminology codes 28400, 28415,

28420, 28406, and keyword [‘‘fracture,’’ AND [‘‘foot,’’ OR

‘‘calcaneus’’]). The collection of study subjects for this

current analysis represents an expansion on a data set from

our institution that has been reported previously [12].
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We included patients who sustained open calcaneus

fractures during combat operations and subsequently

received treatment at a single military tertiary referral

hospital. Patients with a calcaneus fracture that underwent

amputation within the first 24 hours of injury were exclu-

ded. Thus, we designed this study to include patients who

did not require immediate amputation for a grossly unsal-

vageable limb or to preserve life. Furthermore, all patients

in this study received the option of limb salvage versus

amputation and were counseled by a multidisciplinary team

of trauma surgeons, peer counselors from limb salvage and

amputation groups, psychiatrists, and physiatrists. To be

included in the final statistical analysis, patients were

required to have initially chosen a limb salvage treatment

plan.

One hundred fifty-five open calcaneus fractures in 134

patients met inclusion criteria (Table 1). The large majority

of these patients had sustained blast injuries (81%, or 125

of 155 fractures), and the population consisted of a corre-

spondingly severe range of injury patterns (67%, or 104 of

155 fractures were Gustilo-Anderson Type III; 58%, or 90

of 155 fractures were Sanders Type IV fractures). The

median followup was 3.5 years (interquartile range: 1.5,

5.1 years), at which time 87 patients had maintained limb

salvage, yielding an amputation rate of 44%.

Abstracted data included patient demographics, mecha-

nism of injury, wound size and location, fracture types

according to Gustilo and Anderson [16, 17] and Sanders

[27, 28] classifications, interval and definitive treatment

procedures, adjunctive procedures (rotational or free tissue

transfer, skin graft, and neurovascular procedures), and

ipsilateral and contralateral orthopaedic injuries. The

definitive treatment was defined as the procedure after

injury that, after healing, would allow reduced fracture

union and eventual weightbearing. The primary outcome

recorded was need for amputation after a failed limb

Table 1. Patient information

Variable Value

Number of patients 134

Number of open calcaneus fractures 155

Age (years)* 24 (22, 28)

Male sex (number of patients) 130 (97%)

Blast mechanism (number of fractures) 125 (80.6%)

Time to presentation in United States (days)* 5 (4, 6)

ISS (points)* 18 (16, 34)

ASA grade* 2 (1, 2)

Followup (years)* 3.5 (1.5,

5.1)

Number of procedures* 4 (2, 8)

Gustilo-Anderson Type III (number of fractures) 104 (67%)

Sanders Type IV (number of fractures) 90 (58%)

Diminished/absent plantar sensation (number of

fractures)

82 (65%)

Bilateral calcaneus fractures (number of fractures) 65 (32%)

Infection (number of fractures) 56 (36%)

Amputation (number of fractures) 67 (44%)

* Values are expressed as median, with interquartile range in paren-

theses; ISS = Injury Severity Score; ASA = American Society of

Anesthesiologists Physical Status Classification.

Table 2. Patient variables predicting successful limb salvage

Variable for artifical neural

network development

Definition

Sex Male/female

Rank Military rank (officer/enlisted)

Weight (kg)

Age (years)

ISS Injury Severity Score

ASA grade American Society of Anesthesiologists

Physical Status Classification: Grade

1–4

Gustilo-Anderson type Open fracture severity: I–III

Sanders classification Degree of comminution through

posterior facet: 1–4

OTA classification Location of fracture and degree of

comminution

Tscherne classification Extent of soft tissue injury: Grade 1–4

Injury mechanism Blast, gunshot wound, motor vehicle

accident, fall

Number of procedures Total number of surgical procedures

Number of débridements Total number of surgical débridement

procedures

Number of open fractures Total number of open fractures on

presentation

ICU treatment Intensive care unit care on admission:

yes/no

Wound size (cm2)

Wound location Medial/lateral/dorsal/plantar/combined

Plantar sensation Intact/diminished/absent

Free flap coverage Wound covered by free flap: yes/no

Fracture treatment before

arrival in United States

External fixator/pin fixation/splint/

débridement/screw fixation

Vascular injury Injury to major vessel supplying

extremity: femoral/popliteal/

posterior tibial/anterior tibial/

peroneal/dorsalis pedis

Tobacco use Smoking on presentation to United

States: yes/no

Mounted vs dismounted Injury occurred while inside vehicle:

yes/no

Bilateral calcaneus injury Bilateral open fractures: yes/no

Procedures before arrival in

United States

Total number of procedures before

presentation to United States

War Iraq/Afghanistan
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salvage attempt. Amputation type and reason for unsuc-

cessful limb salvage were collected.

Descriptive statistics regarding patient’s mechanism of

injury, overall severity of injury, and fracture-specific

variables were collected on the study subjects. Using data

points believed to impact the decision between limb sal-

vage and amputation, an artificial neural network was

developed from the patient data set to predict successful

limb salvage in open calcaneus fractures. We selected 26

features with a proven or theoretical association with suc-

cessful or unsuccessful limb salvage as candidates for

inclusion into the model. Each was identifiable at the

patient’s initial presentation to the treating tertiary care

center in the continental United States (Table 2). The

artificial neural network was produced using the Oncoge-

nomics Online Artificial Neural Network Analysis system

from the National Cancer Institute [1], which uses feed-

forward resilient back-propagation multilayer perceptron

methodology. The network first establishes connections

between the features (inputs) and minimizes error through

two primary steps: a forward activation to produce an

estimated likelihood of an outcome (amputation or limb

salvage) and a backward propagation in response to an

error, if applicable [2]. This feed-forward back-propagation

process is repeated over and over again during a ‘‘training’’

phase of artificial neural network development. In brief, the

weights of the input features are adjusted to minimize the

error between the output produced by the artificial neural

network and the actual ‘‘real-world’’ result, which we

defined as amputation or successful limb salvage.

We first performed principle component analysis on the

26 patient-specific/injury-specific features selected for

model development to identify the top 10 uncorrelated

features with the largest variance. This step was designed

to simplify the computational analysis and avoid ‘‘overfit-

ting’’ the model to the training data. The artificial neural

network was composed of three layers: an input later

consisting of the top 10 principle components identified

above, a hidden layer with five nodes, and an output layer

to yield a decision between the two possible primary out-

comes (amputation or limb salvage). During the error-

minimizing process, the minimum number of features was

identified that resulted in the least amount of error. To

establish which input features were most important for the

artificial neural network’s arrival at the final outcome

(amputation versus salvage), a leave-one-out process was

used during which one input variable at a time is removed

from the overall input variable list. The artificial neural

network then determines the negative impact on network

accuracy that was caused by removal of the particular

variable. Intuitively, features that have a greater negative

impact on network accuracy are more important for arrival

at final outcome.

For comparison, we developed a conventional logistic

regression model using variables identified to be poten-

tially significant on univariate analysis. These have been

reported previously and included the mechanism of injury,

presence of a plantar wound, wound size, and Gustilo-

Anderson fracture classification [12]. For the current ana-

lysis, the logistic regression model was repeated using the

new expanded data set. We used Proc Logistic of SAS

version 9.3 for the analysis.

To assess accuracy, we performed internal validation

using 10-fold cross-validation. ROC curve analysis was

performed in which true-positive results were plotted

against false-positive results to graphically describe the

relative accuracy of each model. The area under the ROC

curve (AUC) serves as a metric of overall accuracy, where

0.5 represents pure chance and 1.0 represents a perfect

model. Second, decision curve analysis [31] was performed

in a manner previously described [15]. This analysis is

designed to calculate the clinical utility of prediction

models. Using decision curve analysis, the relative impact

of false-positive and false-negative results produced by the

prediction model is measured to yield the ‘‘net benefit’’ for

the model. In other words, net benefit is defined as one

injury duly receiving a treatment commensurate with its

estimated likelihood of success. The threshold probability

is the probability at which a surgeon is indecisive about

which treatment to offer and is surgeon, patient, and situ-

ation dependent. When displayed graphically, the resulting

curves illustrate the net benefit across all possible threshold

probabilities (0–1) through weighing the relative harm of a

false-positive or false-negative result to the benefit of a

true-positive or true-negative result. As an additional

assessment of clinical utility, the decision curve analysis

curves of each model were also compared to two other

theoretical scenarios: one in which every patient undergoes

amputation and one in which no patient undergoes ampu-

tation, regardless of the probability of amputation.

Results

An artificial neural network model containing eight fea-

tures resulted in the least amount of error. The eight

features identified were determined by the artificial neural

network to have the most influence on the outcome of the

limb at final followup. These features in decreasing order

of importance were high American Society of Anesthesi-

ologists (ASA) grade, plantar sensation, interval fracture

treatment before arrival in the United States, fracture

severity according to Gustilo-Anderson and Sanders clas-

sifications, presence of a vascular injury, male sex, and

dismounted injury mechanism (Table 3). Using these eight

patient-specific/injury-specific features, the artificial neural
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network was able to accurately predict which patients had

an amputation within the cohort. Stated more plainly, a

lower ASA grade, intact plantar sensation, less treatment

before arrival, lower Gustilo-Anderson fracture type, lower

Sanders classification, absence of vascular injury, female

sex, and a lack of a dismounted mechanism suggested

successful salvage, while a higher ASA grade, lack of

plantar sensation, complex treatment before arrival, higher

Gustilo-Anderson fracture type, high Sanders classifica-

tion, presence of vascular injury, male sex, and a

dismounted blast mechanism favored amputation. The

balance (18) of the original 26 features did not improve the

accuracy of the artificial neural network and are considered

irrelevant within the context of this particular model.

The artificial neural network was found to be more

accurate and better suited for clinical use than the logistic

regression model. Both models produced validation data

suitable for ROC and decision curve analysis. On internal

validation, the artificial neural network model was more

accurate with an AUC of 0.8 (95% CI: 0.77, 0.82), which

demonstrated a sensitivity of 64%, a specificity of 91%, a

positive predictive value of 86%, and a negative predictive

value of 74%. The AUC for the logistic regression model

was 0.65 (95% CI: 0.56, 0.74), which demonstrated a

sensitivity of 55%, a specificity of 61%, a positive pre-

dictive value of 50%, and a negative predictive value of

60%. Decision curve analysis revealed that both models

could be used clinically, rather than recommend all patients

or no patients undergo amputation (Fig. 1). However, the

artificial neural network model resulted in higher net

positive benefit across the broadest range of threshold

probabilities, indicating that it is likely better suited for

clinical use than the logistic regression model. The higher

net benefit indicates that the artificial neural network

yielded a higher number of true-positive/true-negative

results relative to the number of false-positive/false-nega-

tive results in this particular patient population.

Discussion

Advances in initial medical care performed in combat and

improved methods of limb reconstruction now enable the

preservation of limbs previously destined for amputation

[4, 23, 25, 26, 33]. Despite this, amputation rates after

severe blast injury to the lower extremity remain high [12].

Conversely, salvage of open calcaneus fractures often calls

for multiple operations and lengthy convalescent periods

and is associated with an exceedingly high complication

rate [3, 6, 7, 12, 14, 18, 20, 23, 24, 30]. A model capable of

classifying the eventual fate of the limb in open calcaneus

fractures would provide the surgeon the ability to focus

surgical interventions, avoid unnecessary treatments, and

counsel patients more appropriately earlier in the course of

their treatments using objective criteria. Using information

available early in the treatment of open calcaneus fractures,

we developed a network that arrives at one of two possible

outcomes (amputation or limb salvage) and compared it to

a previously published logistic regression model [12] by

Table 3. Features associated with successful limb salvage after

principal component analysis, ranked from largest to smallest

variance

Rank Variable

1 ASA grade

2 Plantar sensation

3 Fracture treatment before arrival

4 Gustilo-Anderson open fracture type

5 Sanders calcaneus fracture type

6 Vascular injury

7 Male sex

8 Dismounted blast injury mechanism

ASA = American Society of Anesthesiologists Physical Status

Classification.

Fig. 1 Decision curves for open calcaneus fractures represent the

following four scenarios: artificial neural network, logistic regression,

all patients treated with amputation (all negative), and all patients

treated with limb salvage (all positive). Note that the artificial neural

network has the most positive net benefit when the threshold

probability for amputation is between 0.10 and 0.75.
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asking the following questions: (1) Which model more

accurately estimated the likelihood of eventual amputa-

tion? And (2) which model, if any, was better suited for

clinical use?

Our study has several limitations. First, this series does

not include amputations performed within 24 hours of

injury, as many of these acute treatments were performed

in a combat environment. As such, a complete character-

ization of those injuries was not possible. Furthermore,

these early or immediate amputations were intentionally

excluded because we chose to focus only injuries that were

deemed to be, in the opinion of the treating surgeons,

potentially salvageable. Amputations from open calcaneus

fractures in the civilian sector often occur within the first

24 hours of presentation. This represents an important

distinction between the treatment algorithms of this injury

in the civilian sector versus the military combat wounded.

When injury occurs in combat, every attempt is made to

salvage the extremity until further assessment can be made

outside of the hostile zone. Secondary to this, injuries that

may be deemed unsalvageable on presentation to a civilian

trauma center and amputated within 24 hours are salvaged

in theater. A second limitation is that the model was

derived using data from combat-injured patients treated at

one institution. Similarly, patients included in this series

represent a small subset of all patients with open calcaneus

fractures, namely patients who sustained high-energy

injuries in a combat environment, large soft tissue wounds,

and damage to other organ systems. Therefore, this par-

ticular model may not apply to other centers treating

combat-related or lower-energy civilian trauma, and we do

not recommend extrapolating our results to other centers

with differing patient populations and treatment philoso-

phies. External validation of this model is therefore

absolutely necessary before widespread clinical use.

Additionally, there are other clinical factors (infection,

wound size, ipsilateral fractures) that are important to

consider in this setting that were not included by this

machine learning technique. The absence of these features

from the present model does not necessarily mean that they

are unrelated to the outcomes chosen for this experiment

but rather did not improve the model’s performance, given

the availability of the eight features listed above. In addi-

tion, the logistic regression model used for this exercise

[12] did not include potential interactions between vari-

ables, which may be a disadvantage when one considers the

interdependent nature of wound-specific and systemic

considerations in this patient population. Related to this,

we considered bilateral fractures as independent; we rec-

ognize that there may be disagreement about the

appropriateness of doing so, but we believe this is none-

theless appropriate because clinically, each open fracture is

different; ie, the treatment of one does not necessarily

depend on the presence and/or treatment of the other.

Furthermore, each calcaneus fracture is subject to its own

wound microenvironment driven largely by its vascular

supply, bioburden, and zone of injury. Finally, since

patients with bilateral injuries were relatively common,

omitting them would limit the use of this model in the

future.

Despite having no missing data, this study is also limited

by a relatively small sample size (n = 155) compared to the

number of features examined (26). By extension, only two

statistical techniques were evaluated. It is entirely possible

that other statistical techniques, such as classification and

regression trees, for example, may outperform the

approaches used in the present study. In addition, complete

reliance on computational methods that have been opti-

mized for a particular patient population can be

problematic if overfit to the training data. As such, models

may suffer from lack of generalizability when applied to

other patient populations. We attempted to minimize this

effect by performing principle component analysis and

cross-validation; however, the importance of external val-

idation studies cannot be overstated. It is also important to

mention that models such as this one should be considered

‘‘works in progress.’’ During the external validation phase,

it is possible that additional features may be collected that

add to the accuracy/net benefit of this model. As such,

prognostic tools such as the one presented in this article

have the potential to improve over time as treatment

methods evolve and our ability to collect population-based

data improves.

Using the current series of 155 combat-related open

calcaneus fractures, we designed an artificial neural net-

work to estimate the likelihood of successful limb salvage,

using patient and injury data available on initial presenta-

tion. The model was accurate, correctly classifying the fate

of the extremity in the majority of cases with an AUC of

0.8 (95% CI: 0.77, 0.82) and a specificity of 0.92. Fur-

thermore, the accuracy of the artificial neural network was

found to be 30% higher than that of the previously pub-

lished logistic regression model [12]. To date, artificial

neural networks have been only sparingly applied to

orthopaedic trauma. In 2010, a study comparing an artifi-

cial neural network to a logistic regression model found the

artificial neural network to more accurately predict mor-

tality after geriatric hip fracture [21]. More commonly,

artificial neural networks have been used in the medical

literature for estimating the likelihood of survival and

characterization of cancer. A report investigating 5-year

mortality rates in colon cancer illustrated an artificial

neural network that made more accurate survival predic-

tions than experienced oncologists [9]. The model

developed in our study identified eight features that accu-

rately predicted eventual amputation in combat-related
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open calcaneus fractures. These features, ASA grade,

plantar sensation, treatment before arrival, Gustilo-Ander-

son type, Sanders type, vascular injury, male sex, and

injury mechanism, all identifiable on the patients’ initial

presentation to the treating tertiary care center, provide

clinically useful and prognostic information on the fate of

the extremity.

In addition to being more accurate than the logistic

regression model, our analysis suggested that the artificial

neural network was perhaps better suited for clinical use.

When the probability of amputation from an open calca-

neus fracture is high (approaching 1.0), the surgeon will

likely recommend amputation. On the other hand, when the

probability of amputation is low (approaching 0.0), the

surgeon is likely to recommend limb salvage. However,

there exists a large and variable middle range in which the

surgeon and patient are indecisive, representing the

threshold probability (pt). Our decision curve (Fig. 1)

illustrates the net benefit of the artificial neural network and

logistic regression across a range of threshold probabilities.

Though both models could be used, rather than assume all

patients or no patients undergo amputation, the artificial

neural network yielded a higher net benefit than the logistic

regression model across a broad range of pt (Fig. 1). A

clinical example of this conclusion is as follows: an active-

duty service member presents with an open calcaneus

fracture after a combat-related blast injury. Based on the

followup data in our cohort, his risk of amputation is

approximately 40% given his particular injury. When

deciding whether to proceed with limb salvage or to per-

form an amputation, the treating surgeon may choose to

use a clinical decision support tool to estimate the indi-

vidual’s risk of amputation. To determine which tool to

use, the surgeon determines his/her pt, which is surgeon,

patient, and situation dependent. Using the decision curve,

the model that results in the highest net benefit at that

particular pt, would be used to generate a patient-specific

estimate of the likelihood of eventual amputation. If the pt

estimated by the surgeon was 0.5, for instance, the artificial

neural network would be used. These results are similar to

those previously reported in which artificial neural network

clinical decision support models applied to orthopaedic

outcomes outperformed models derived using frequentist

and Bayesian techniques [15].

The differences in functional outcome of lower-

extremity amputees compared to those patients undergoing

limb salvage secondary to severe lower-extremity trauma

remains a debated topic. Results from the Lower Extremity

Assessment Project suggest that the outcomes between

these two patient groups are similar and universally poor

[8]. Conversely, the results of the Military Extremity

Trauma Amputation/Limb Salvage study indicate that,

within the military population, amputees function at a

higher level compared to those with salvaged extremities

[13]. Given this, the ability to predict which patients will

receive amputation on presentation would obviate pro-

longed limb salvage that may not provide functional

benefit. This report demonstrated an artificial neural net-

work model, developed using the largest series of open

calcaneus fractures of which we are aware, that is capable

of accurately estimating the likelihood of eventual ampu-

tation. The amputation rate in this series was 42% at final

followup, much higher than what has been reported in

civilian literature. The high-energy mechanism, massive

soft tissue damage, and additional trauma to other organ

systems are the most plausible explanations for this dis-

tinction. In this unique cohort, decision curve analysis

suggested that the artificial neural network was better sui-

ted for clinical use than a logistic regression model based

on the same data set. However, external, prospective val-

idation is necessary, and planned, in additional institutions

with differing patient populations and treatment philoso-

phies, before recommending this model for clinical use. If

successful, the model described here may provide a useful

tool for surgeons, patients, and families faced with severe

open calcaneus fractures, in which decisions to embark on

limb salvage or undergo amputation remain difficult.

Acknowledgments The authors thank Meng Shi MS from the

Department of Biostatistics at the Naval Medical Research Center for

his helpful statistical advice.

References

1. Advanced Biomedical Computing Center, National Cancer

Institute. Oncogenomics Online Artificial Neural Network Ana-

lysis system. Available at: http://pob.abcc.ncifcrf.gov/ANN/

ooanna.htm. Accessed May, 31, 2012.

2. Ahmed FE. Artificial neural networks for diagnosis and survival

prediction in colon cancer. Mol Cancer. 2005;4:29.

3. Aldridge JM 3rd, Easley M, Nunley JA. Open calcaneal fractures:

results of operative treatment. J Orthop Trauma. 2004;18:7–11.

4. Belmont PJ Jr, Goodman GP, Zacchilli M, Posner M, Evans C,

Owens BD. Incidence and epidemiology of combat injuries sus-

tained during ‘‘the surge’’ portion of operation Iraqi Freedom by a

U.S. Army brigade combat team. J Trauma. 2010;68:204–210.

5. Beltran MJ, Collinge CA. Outcomes of high-grade open calca-

neus fractures managed with open reduction via the medial

wound and percutaneous screw fixation. J Orthop Trauma.

2012;26:662–670.

6. Benirschke SK, Kramer PA. Wound healing complications in

closed and open calcaneal fractures. J Orthop Trauma.

2004;18:1–6.

7. Berry GK, Stevens DG, Kreder HJ, McKee M, Schemitsch E,

Stephen DJ. Open fractures of the calcaneus: a review of treat-

ment and outcome. J Orthop Trauma. 2004;18:202–206.

8. Bosse MJ, MacKenzie EJ, Kellam JF, Burgess AR, Webb LX,

Swiontkowski MF, Sanders RW, Jones AL, McAndrew MP,

Patterson BM, McCarthy ML, Travison TG, Castillo RC. An

analysis of outcomes of reconstruction or amputation after leg-

threatening injuries. N Engl J Med. 2002;347:1924–1931.

3008 Bevevino et al. Clinical Orthopaedics and Related Research1

123

http://pob.abcc.ncifcrf.gov/ANN/ooanna.htm
http://pob.abcc.ncifcrf.gov/ANN/ooanna.htm


9. Bottaci L, Drew PJ, Hartley JE, Hadfield MB, Farouk R, Lee PW,

Macintyre IM, Duthie GS, Monson JR. Artificial neural networks

applied to outcome prediction for colorectal cancer patients in

separate institutions. Lancet. 1997;350:469–472.

10. Busse JW, Jacobs CL, Swiontkowski MF, Bosse MJ, Bhandari M.

Complex limb salvage or early amputation for severe lower-limb

injury: a meta-analysis of observational studies. J Orthop

Trauma. 2007;21:70–76.

11. Cook NR. Use and misuse of the receiver operating characteristic

curve in risk prediction. Circulation. 2007;115:928–935.

12. Dickens JF, Kilcoyne KG, Kluk MW, Gordon WT, Shawen SB, Potter

BK. Risk factors for infection and amputation following open, combat-

related calcaneal fractures. J Bone Joint Surg Am. 2013;95:e24.

13. Doukas WC, Hayda RA, Frisch HM, Andersen RC, Mazurek MT, Ficke

JR, Keeling JJ, Pasquina PF, Wain HJ, Carlini AR, MacKenzie EJ. The

Military Extremity Trauma Amputation/Limb Salvage (METALS)

study: outcomes of amputation versus limb salvage following major

lower-extremity trauma. J Bone Joint Surg Am. 2013;95:138–145.

14. Firoozabadi R, Kramer PA, Benirschke SK. Plantar medial

wounds associated with calcaneal fractures. Foot Ankle Int.

2013;34:941–948.

15. Forsberg JA, Sjoberg D, Chen QR, Vickers A, Healey JH.

Treating metastatic disease: which survival model is best suited

for the clinic? Clin Orthop Relat Res. 2013;471:843–850.

16. Gustilo RB, Anderson JT. Prevention of infection in the treatment

of one thousand and twenty-five open fractures of long bones:

retrospective and prospective analyses. J Bone Joint Surg Am.

1976;58:453–458.

17. Gustilo RB, Mendoza RM, Williams DN. Problems in the man-

agement of Type III (severe) open fractures: a new classification

of Type III open fractures. J Trauma. 1984;24:742–746.

18. Heier KA, Infante AF, Walling AK, Sanders RW. Open fractures

of the calcaneus: soft-tissue injury determines outcome. J Bone

Joint Surg Am. 2003;85:2276–2282.

19. Jain A, Glass GE, Ahmadi H, Mackey S, Simmons J, Hettiaratchy

S, Pearse M, Nanchahal J. Delayed amputation following trauma

increases residual lower limb infection. J Plast Reconstr Aesthet

Surg. 2013;66:531–537.

20. Lawrence SJ. Open calcaneal fractures. Orthopedics. 2004;27:

737–741; quiz 742–733.

21. Lin CC, Ou YK, Chen SH, Liu YC, Lin J. Comparison of artificial

neural network and logistic regression models for predicting mor-

tality in elderly patients with hip fracture. Injury. 2010;41:869–873.

22. Loutzenhiser L, Lawrence SJ, Donegan RP. Treatment of select

open calcaneus fractures with reduction and internal fixation: an

intermediate-term review. Foot Ankle Int. 2008;29:825–830.

23. McGuigan FX, Forsberg JA, Andersen RC. Foot and ankle

reconstruction after blast injuries. Foot Ankle Clin. 2006;11:

165–182, x.

24. Mehta S, Mirza AJ, Dunbar RP, Barei DP, Benirschke SK. A staged

treatment plan for the management of Type II and Type IIIA open

calcaneus fractures. J Orthop Trauma. 2010;24:142–147.

25. Owens BD, Kragh JF Jr, Macaitis J, Svoboda SJ, Wenke JC. Char-

acterization of extremity wounds in Operation Iraqi Freedom and

Operation Enduring Freedom. J Orthop Trauma. 2007;21:254–257.

26. Owens BD, Kragh JF Jr, Wenke JC, Macaitis J, Wade CE,

Holcomb JB. Combat wounds in operation Iraqi Freedom and

operation Enduring Freedom. J Trauma. 2008;64:295–299.

27. Romash MM. Calcaneal fractures: three-dimensional treatment.

Foot Ankle. 1988;8:180–197.

28. Sanders R, Fortin P, DiPasquale T, Walling A. Operative treat-

ment in 120 displaced intraarticular calcaneal fractures: results

using a prognostic computed tomography scan classification. Clin

Orthop Relat Res. 1993;290:87–95.

29. Selaru FM, Xu Y, Yin J, Zou T, Liu TC, Mori Y, Abraham JM,

Sato F, Wang S, Twigg C, Olaru A, Shustova V, Leytin A, Hy-

tiroglou P, Shibata D, Harpaz N, Meltzer SJ. Artificial neural

networks distinguish among subtypes of neoplastic colorectal

lesions. Gastroenterology. 2002;122:606–613.

30. Siebert CH, Hansen M, Wolter D. Follow-up evaluation of open

intra-articular fractures of the calcaneus. Arch Orthop Trauma

Surg. 1998;117:442–447.

31. Vickers AJ, Elkin EB. Decision curve analysis: a novel method

for evaluating prediction models. Med Decis Making. 2006;

26:565–574.

32. Wei JS, Greer BT, Westermann F, Steinberg SM, Son CG, Chen

QR, Whiteford CC, Bilke S, Krasnoselsky AL, Cenacchi N,

Catchpoole D, Berthold F, Schwab M, Khan J. Prediction of

clinical outcome using gene expression profiling and artificial

neural networks for patients with neuroblastoma. Cancer Res.

2004;64:6883–6891.

33. Wertheimer B, Lovric Z, Candrlic K, Kovac B, Kuvezdic H. Foot

injuries caused by anti-personnel mines. Mil Med. 1995;160:177–179.

34. Wiersema B, Brokaw D, Weber T, Psaradellis T, Panero C,

Weber C, Musapatika D. Complications associated with open

calcaneus fractures. Foot Ankle Int. 2011;32:1052–1057.

35. Xu Y, Selaru FM, Yin J, Zou TT, Shustova V, Mori Y, Sato F,

Liu TC, Olaru A, Wang S, Kimos MC, Perry K, Desai K,

Greenwald BD, Krasna MJ, Shibata D, Abraham JM, Meltzer SJ.

Artificial neural networks and gene filtering distinguish between

global gene expression profiles of Barrett’s esophagus and

esophageal cancer. Cancer Res. 2002;62:3493–3497.

Volume 472, Number 10, October 2014 Predicting Salvage of Calcaneal Trauma 3009

123


	A Model to Predict Limb Salvage in Severe Combat-related Open Calcaneus Fractures
	Abstract
	Background
	Questions/purposes
	Methods
	Results
	Conclusions
	Level of Evidence

	Introduction
	Patients and Methods
	Results
	Discussion
	Acknowledgments
	References


