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Abstract

Background: Appropriate empirical treatment for candidemia is associated with reduced mortality; however, the timely diagnosis
of candidemia in patients with sepsis remains poor.

Objective: We aimed to use machine learning algorithms to develop and validate a candidemia prediction model for patients
with cancer.

Methods: We conducted a single-center retrospective study using the cancer registry of a tertiary academic hospital. Adult
patients diagnosed with malignancies between January 2010 and December 2018 were included. Our study outcome was the
prediction of candidemia events. A stratified undersampling method was used to extract control data for algorithm learning.
Multiple models were developed—a combination of 4 variable groups and 5 algorithms (auto-machine learning, deep neural
network, gradient boosting, logistic regression, and random forest). The model with the largest area under the receiver operating
characteristic curve (AUROC) was selected as the Candida detection (CanDETEC) model after comparing its performance
indexes with those of the Candida Score Model.

Results: From a total of 273,380 blood cultures from 186,404 registered patients with cancer, we extracted 501 records of
candidemia events and 2000 records as control data. Performance among the different models varied (AUROC 0.771- 0.889),
with all models demonstrating superior performance to that of the Candida Score (AUROC 0.677). The random forest model
performed the best (AUROC 0.889, 95% CI 0.888-0.889); therefore, it was selected as the CanDETEC model.

Conclusions: The CanDETEC model predicted candidemia in patients with cancer with high discriminative power. This
algorithm could be used for the timely diagnosis and appropriate empirical treatment of candidemia.
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Introduction

Candidemia is a representative nosocomial bloodstream
infection that contributes to the mortality of
immunocompromised patients; it has been shown to occur in
3% of patients in intensive care and 20% of immunosuppressed
patients [1]. In addition, owing to a compromised immunity
from chemotherapy or malignancy itself, patients with cancer
have been reported as the most vulnerable hosts to candidemia
[2-4].

Significant mortality has been reported over several decades.
In studies from the 1980s, the mortality rate in patients with
cancer found to have candidemia exceeded 50% [5-7]. High
mortality rates, ranging from 30% to 51%, have also been
reported in studies after 2010 [3,4,8]. The mortality rate of
candidemia was significantly higher than that of bacteremia [3].

Early empirical treatment is important for patients with
candidemia. A retrospective study [8] showed that patients with
candidemia whose antifungal treatment was initiated 12 hours
after onset of candidemia had a hospital mortality rate twice
that of patients whose antifungal treatment was initiated within
12 hours of onset. Despite evidence on the need for early
treatment of candidemia, only a small number of patients,
receive timely antifungal treatment because of the difficulty of
early diagnosis [9].

There has been an unmet clinical need—the coexistence of
timeliness, high reliability, and cost-effectiveness in candidemia
diagnosis. Blood culture is the reference standard for the
candidemia diagnosis [10]. Due to its inherent nature, obtaining

results can take a median of 2 to 3 days. Thus, this delay
constitutes one challenge in the problem of timely diagnosis
[11]. Multiple statistical models, such as the Candida Score,
have been developed for the early prediction of candidemia
[12-14]. However, such models have neither been tested on
unseen data sets during development nor shown consistent
performance in subsequent external validation studies [15-17].
The new T2Candida molecular test, which combines magnetic
resonance with molecular diagnostics, is useful for the detection
of candidemia in a very short amount of time and with high
accuracy [18]; however, the high cost of the T2Candida
molecular test is a barrier to its wide application in clinical
practice [19,20].

Electronic health records allow efficient extraction and
integration of clinical data, and the development of machine
learning algorithms for critical care has been vigorously
researched [21,22]. We aimed to develop a candidemia
prediction model for patients with cancer using machine learning
algorithms.

Methods

Study Population
This study was conducted in a 1950-bed tertiary academic single
hospital in Seoul, Republic of Korea. The study population
included adult patients (≥18 years old) diagnosed with a
malignancy and from whom blood cultures had been obtained
between January 2010 and December 2018 after diagnosis. The
data set used in this analysis was extracted from the cancer
registry and clinical data warehouse of the study site. The
selection process is shown in Figure 1.
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Figure 1. Eligibility process diagram.

Outcome
We defined candidemia event as a positive culture for any
Candida species in more than one blood sample. If candidemia
was detected in a follow-up culture within 7 days, the subsequent
event was merged with previous candidemia events. Because
the algorithm was designed to predict candidemia events at the
time of blood culture extraction, data were processed at the level
of each event rather than at the patient level.

A data set with a low candidemia prevalence can cause
difficulties in model training [23,24]. To solve this problem,
stratified undersampling was conducted at a 1:4 ratio in 4
different subsets (used as a control data): (1) events of
bacteremia in patients who experienced candidemia; (2) events
of negative blood culture in patients who experienced
candidemia; (3) events of bacteremia in patients who had not
experienced candidemia; and (4) events of negative blood
culture in patients who had not experienced candidemia. In the
control subsets with patients who had experienced candidemia,

a 60-day wash-out period was imposed from the day of onset
of the candidemia event.

Model Development

Stage 1: Feature Selection and Preprocessing
Upon review of clinical-domain literature on candidemia risk
factors, we identified 210 variables [2,13,14,25-27] that have
been widely used in the development of machine learning
algorithms in other clinical fields. We extracted data for these
variables from the electronic health records of the study site.
Each variable was classified into 4 groups based on variable
importance, clinical importance, auto-extractability, and missing
rate (Figure 2 and Multimedia Appendix 1). We gradually
eliminated features: variable group 4 had 210 variables, whereas
variable group 1 (higher variable importance, higher clinical
importance, better extractability, and less missing values) had
only 30 variables. In order to prevent the algorithm from
learning from postdiagnostic data, we removed candidemia
diagnostic code and antifungal agent prescription information
from the input data.
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Figure 2. Variable groups used for training algorithms and a detailed list of variable group 1.

To impute missing data, we used 2 serial methods. We used the
carry-forward method to fill empty bins with the most recent
value. This method reflects the workflow of the clinician in
recording new data as the patients’ condition changes; it is also
easy and simple. In the case of missing values that were not
imputed by the carry-forward method, average values were
used. All numerical variables were normalized.

Stage 2: Data Partitioning
The data set was divided into training and test sets (7:3 ratio)
using stratified sampling, matched by case–control group, binned
age, Charlson comorbidity index, and sex.

Stage 3: Model Development
A total of 20 models were developed using a combination of 5
algorithms (logistic regression, deep neural network, random
forest, gradient boosting, and automated machine learning)
algorithms and 4 variable groups. For each model, 100 different
development trials were conducted by changing random seeds
to prevent selective performance reporting in the subsequent
model evaluation stage. We used 2 methods for model selection
and parameter optimization—an automated machine learning
tool called the tree-based pipeline optimization tool [28], which
helps identify the best prediction model and the best parameters
for each variable group by using genetic algorithms and
cross-validated performance on the training set (Multimedia
Appendix 2), and a simple grid search, which is used to pick
the parameters with the best performance.

Stage 4. Model Evaluation
Each model was evaluated using a test set (unseen data). Area
under the receiver operating characteristic curve (AUROC),
sensitivity, specificity, positive predictive value, negative
predictive value, and F1 score were used to measure
performance. Under the assumption that the algorithm was to
be used as a screening tool, sensitivity >0.90 with the highest
F1 score, was determined as the threshold for classifying the
risk group. One-way analysis of variance was conducted to
compare AUROC values. Statistical significance was set at .05.
Subsequently, the Bonferroni test was conducted with α=.0025
for each of the 20 outcomes combining the algorithm types and
variable groups.

The model with the highest AUROC was selected as the Candida
detection (CanDETEC) algorithm. To examine how well the
predicted risk correlated with the observed risk, we generated
a linear regression model using 10 bins based on the predicted
risk of the CanDETEC model. In general, if the coefficients and
intercept of the linear regression model were close to 1 and 0,
respectively, the model was considered well calibrated.

Candida Score [13], a traditional statistical candidemia
prediction model, was used as the standard. We compared the
CanDETEC model and the rounded Candida Score: 1 × (total
parenteral nutrition) + 1 × (surgery) + 1 × (multifocal candida
colonization) + 2 × (severe sepsis) [13]. Performance indexes
were calculated for Candida Score >3. We also employed a net
benefit index to compare both models as well as to determine
whether the chosen threshold could have beneficial clinical
implications.
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Statistical Programming
We used R (version 3.6.2; The R Project) and Python (version
3.6.8) for data preprocessing, statistical analysis, visualization,
development, and validation of machine learning algorithms
[29,30]. The sample preprocessed data set (20 records) and code
for developing our models are available [31].

Results

Study Population
A total of 186,404 adult patients were in the cancer registry. A
total of 273,380 blood cultures were obtained from 34,574
patients after cancer diagnosis, with 1744 (0.6%) Candida
species isolated from blood cultures. A total of 501 candidemia
events were identified in 461 patients. The most predominant
species of Candida were C albicans (164/501, 32.7%), C
tropicalis (162/501, 32.3%), and C glabrata (96/501, 19.2%)
(Multimedia Appendix 3). We found 40 repeat candidemia

events, and the median interval between events was 21.4 days.
(IQR 14.5-57.4 days). Of the 271,636 blood cultures with a
negative candidemia result, 2000 were extracted as control data.

Hematologic malignancy was the most common malignancy
(Table 1). Several clinical factors were significantly associated
with case events. Patients with candidemia received longer
treatment with steroids, parenteral nutrition, and antibiotics
within 30 days before candidemia. Furthermore, antianaerobic
therapy (mean 10.1 days) was twice as long (P<.001) in those
with candidemia than that in controls (5.5 days). In addition,
patients with candidemia had higher C-reactive protein,
bilirubin, fasting glucose, blood urea nitrogen, and lactic acid
levels. The 30-day all-cause mortality rate was significantly
higher (P<.001) among those with candidemia (264/501, 52.7%)
than among controls (303/2000, 15.2%). There was no difference
(P=.18) in the use of antifungal agents in candidemia (70/501,
14.0%) and control (233/2000, 11.6%) records (Table 2).
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Table 1. General characteristics of the study data set.

P valueControl (n=2000)Candidemia events (n=501)Characteristic

.32Sex, n (%)

1237 (61.9)297 (59.3)Male

Female

<.00155.9 (14.9)59.5 (14.4)Age (years), mean (SD)

.6622.2 (65.4)23.0 (25.0)Hospital stay before culture (days), mean (SD)

Comorbidity, n (%)

.11298 (14.9)60 (12.0)Hepatic disease

.03203 (10.2)68 (13.6)Cardiovascular disease

.62198 (9.9)54 (10.8)Endocrine disease

.31117 (5.8)36 (7.2)Digestive disease

>.99979 (4.0)20 (4.0)Respiratory disease

.8038 (1.9)11 (2.2)Other disease

<.0014.2 (2.2)4.7 (2.3)Charlson Comorbidity Index, mean (SD)

Cancer origin site, n (%)

<.0011116 (55.8)231 (46.1)Lymphoid or hematopoietic

.20551 (27.6)153 (30.5)Digestive

.02113 (5.7)43 (8.6)Respiratory

.0249 (2.5)23 (4.6)Female genital

.27122 (6.1)38 (7.6)Other

.07235 (11.8)44 (8.8)Multiple primary

.0073.5 (9.9)5.1 (12.2)Metastatic lymph nodes, mean (SD)

Medication (days of therapy during 30 days before candidemia), mean (SD)

<.0015.8 (9.0)8.6 (10.2)Steroid

.431.6 (5.1)1.4 (5.7)Immunosuppressant

<.0012.5 (5.8)4.6 (7.8)Total peripheral nutrition

.00215.3 (9.8)16.9 (9.3)Antibiotic use

<.0015.5 (8.2)10.1 (8.6)Antianaerobic

<.0012.6 (4.5)3.5 (4.8)Broad spectrum cephalosporine: 3rd generation

<.0012.5 (5.4)4.8 (5.8)Carbapenem

<.0012.4 (5.1)4.8 (5.8)Extended spectrum penicillin

<.0011.8 (4.1)3.8 (5.0)Glycopeptide

Vitals, mean (SD)

.21117.5 (20.8)118.9 (23.4)Systolic blood pressure (mmHg)

.8968.6 (13.4)68.5 (14.0)Diastolic blood pressure (mmHg)

<.001103.3 (20.6)110.1 (21.3)Heart rate (bpm)

<.00120.1 (4.2)21.1 (5.1)Respiratory rate (brpm)

<.00137.6 (1.0)37.2 (1.0)Body temperature (°C)

.0397.0 (4.2)96.2 (6.1)Peripheral capillary oxygen saturation (%)

Laboratory work-up, mean (SD)

Complete blood count

.026.8 (18.0)8.3 (11.2)White blood cell count, blood (103/µL)

<.0019.7 (1.8)9.4 (1.4)Hemoglobin, blood (g/dL)
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P valueControl (n=2000)Candidemia events (n=501)Characteristic

.01104.7 (151.0)90.1 (103.1)Platelet count, blood (10³/µl)

<.00154.0 (36.2)62.3 (35.3)Segmented neutrophil (%)

<.0014.9 (7.5)7.2 (10.3)Absolute neutrophil count (10³/µL)

.0090.7 (1.6)0.5 (0.7)Absolute lymphocyte count (10³/µL)

Acute phase reactants

.00148.4 (34.3)41.6 (36.8)Erythrocyte sedimentation rate (mm/h)

<.0018.6 (7.9)11.2 (9.0)C-reactive protein (mg/dL)

.073.9 (14.4)6.3 (16.3)Procalcitonin, quantitative (ng/mL)

Coagulation

<.0011.3 (0.5)1.4 (0.5)Prothrombin time (international normalized ratio)

Chemistry

<.0015.8 (1.1)5.3 (1.0)Total protein (g/dL)

<.0013.4 (0.6)2.9 (0.5)Albumin (g/dL)

.0012.5 (0.8)2.3 (0.8)Globulin (g/dL)

.006138.4 (51.3)129.1 (64.8)Cholesterol (mg/dL)

<.0012.4 (4.7)5.5 (9.1)Total bilirubin (mg/dL)

.007157.9 (217.1)183.1 (178.2)Alkaline phosphatase (U/L)

<.001139.2 (59.2)158.7 (71.2)Glucose fasting (mg/dL)

<.00122.8 (17.4)34.1 (25.3)Blood urea nitrogen (mg/dL)

.011.0 (1.0)1.1 (1.0)Creatinine (mg/dL)

.593.6 (2.4)3.5 (2.3)Uric acid (mg/dL)

<.0018.5 (0.8)8.3 (0.8)Calcium (mg/dL)

.033.2 (1.1)3.1 (1.2)Phosphorus (mg/dL)

<.0012.2 (2.3)2.9 (2.8)Lactic acid (mmol/L)

Other risk factors, n (%)

<.0010 (0.0)26 (5.2)Candidemia history (within 30 days)

<.001132 (6.6)110 (22.0)Candida isolation from nonblood specimen (within 30 days)

.50854 (42.7)223 (44.5)Central line inserted

.005219 (10.9)78 (15.6)Major operation (within 30 days)

Table 2. Outcome characteristics of the study population.

P valueControl (n=2000), n (%)Candida event (n=501), n (%)Characteristic

Prescription of antifungal agents

.18233 (11.6)70 (14.0)On the day of the blood culture

<.001770 (38.5)277 (55.3)Within 3 days after blood culture

<.001303 (15.2)264 (52.7)30-Day all-cause mortality

Model Evaluation
The best model was the random forest model trained using
variable group 1, which was selected as the CanDETEC
algorithm (Table 3; Multimedia Appendix 4); the lowest
performing model was the logistic regression model trained
using variable group 4. Receiver operating characteristic curves
are shown in Figure 3. The tree-based pipeline optimization

tool algorithm returned an extra-tree model, which showed the
highest performance at the specified cut-off. Among the 30
auto-extractable variables, 5 variables showed the highest
significance (P<.001) in the prediction of candidemia: blood
urea nitrogen level, 7-day variance of respiratory rate, total
bilirubin level, 7-day variance of systolic blood pressure, and
body weight (Multimedia Appendix 5).
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Table 3. Model performances by algorithm and variable group.

F1 score (95% CI)Negative predictive
value (95% CI)

Positive predictive
value (95% CI)

Specificity (95% CI)Sensitivity (95% CI)AUROC (95% CI)Algorithm
and variable
group

Logistic regression

0.443 (0.443-0.443)0.951 (0.951-0.951)0.293 (0.293-0.293)0.451 (0.451-0.451)0.907 (0.907-0.907)0.802 (0.802-0.802)1

0.453 (0.453-0.453)0.95 (0.95-0.95)0.303 (0.303-0.303)0.479 (0.479-0.479)0.901 (0.901-0.901)0.8 (0.8-0.8)2

0.473 (0.473-0.473)0.954 (0.954-0.954)0.321 (0.321-0.321)0.521 (0.521-0.521)0.901 (0.901-0.901)0.788 (0.788-0.788)3

0.45 (0.45-0.45)0.95 (0.95-0.95)0.3 (0.3-0.3)0.473 (0.473-0.473)0.901 (0.901-0.901)0.771 (0.771-0.771)4

Random forest

0.599 (0.597-0.601)0.967 (0.967-0.967)0.449 (0.447-0.451)0.722 (0.719-0.724)0.901 (0.901-0.902)0.889 (0.888-0.889)1a

0.56 (0.559-0.562)0.964 (0.964-0.964)0.407 (0.405-0.409)0.669 (0.667-0.672)0.901 (0.901-0.902)0.872 (0.872-0.873)2

0.542 (0.54-0.544)0.963 (0.963-0.963)0.388 (0.386-0.39)0.642 (0.639-0.645)0.902 (0.901-0.902)0.869 (0.869-0.87)3

0.56 (0.558-0.562)0.964 (0.964-0.964)0.407 (0.404-0.409)0.669 (0.666-0.672)0.901 (0.901-0.901)0.87 (0.87-0.871)4

Extra treeb

0.561 (0.558-0.565)0.964 (0.964-0.965)0.408 (0.404-0.412)0.67 (0.665-0.675)0.901 (0.901-0.902)0.881 (0.88-0.881)1

0.594 (0.591-0.597)0.967 (0.966-0.967)0.443 (0.44-0.447)0.715 (0.711-0.719)0.902 (0.901-0.902)0.882 (0.881-0.882)2

0.589 (0.585-0.592)0.966 (0.966-0.966)0.438 (0.434-0.442)0.708 (0.703-0.713)0.901 (0.901-0.901)0.879 (0.879-0.88)3

0.596 (0.593-0.599)0.967 (0.967-0.967)0.445 (0.442-0.448)0.717 (0.713-0.721)0.902 (0.901-0.903)0.879 (0.878-0.879)4

Gradient boosting

0.528 (0.528-0.528)0.961 (0.961-0.961)0.374 (0.374-0.374)0.621 (0.621-0.621)0.901 (0.901-0.901)0.861 (0.861-0.862)1

0.511 (0.511-0.512)0.96 (0.96-0.96)0.357 (0.357-0.357)0.593 (0.592-0.593)0.901 (0.901-0.901)0.847 (0.847-0.847)2

0.5 (0.5-0.5)0.958 (0.958-0.958)0.346 (0.346-0.346)0.573 (0.573-0.573)0.901 (0.901-0.901)0.846 (0.846-0.846)3

0.495 (0.494-0.495)0.958 (0.957-0.958)0.341 (0.341-0.341)0.562 (0.562-0.563)0.901 (0.901-0.901)0.839 (0.839-0.839)4

Deep neural network

0.463 (0.461-0.466)0.953 (0.952-0.953)0.312 (0.309-0.314)0.499 (0.494-0.504)0.901 (0.901-0.902)0.82 (0.818-0.821)1

0.466 (0.464-0.469)0.953 (0.953-0.954)0.314 (0.312-0.317)0.505 (0.5-0.51)0.902 (0.901-0.902)0.799 (0.797-0.801)2

0.476 (0.472-0.48)0.954 (0.953-0.956)0.324 (0.32-0.327)0.525 (0.516-0.534)0.902 (0.901-0.902)0.809 (0.807-0.811)3

0.468 (0.464-0.472)0.953 (0.952-0.954)0.316 (0.313-0.32)0.508 (0.499-0.517)0.901 (0.901-0.902)0.807 (0.804-0.81)4

aCanDETEC model.
bAutomated machine learning.
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Figure 3. Area under the receiver operating characteristic curve of the developed models by algorithm type and variables groups: (A) Group 1, (B)
Group 2, (C) Group 3, and (D) Group 4. AutoML: automated machine learning.

CanDETEC Model
The threshold for categorizing the candidemia risk group was
set at 0.216 by a predefined condition (sensitivity >0.90 and
highest F1 score). At this cut-off point, the calculated net benefit
was 0.121 (Figure 4). This threshold not only had a greater net
benefit than that of treating all or none of the patients but was
also close to the point showing the most significant net benefit.

The coefficients, intercept, and R2 of the linear regression model

for evaluating calibration were 1.393, 0.078, and 0.93,
respectively. These indexes show that the CanDETEC model
was acceptably calibrated (Figure 5).

The diagnostic performance of the Candida Score, when the
cut-off point was defined as ≥3, was worse than that of all other
models (AUROC 0.677, F1 score 0.354, sensitivity 0.265,
specificity 0.942, positive predictive value 0.533, negative
predictive value 0.836).
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Figure 4. Decision curve of the CanDETEC model. Arrow indicates the threshold to determine candidemia high risk group.

Figure 5. Calibration plot of the CanDETEC model. A point represents mean decile grouped by predicted probability. Error bars represent 95%
confidence interval.

Discussion

Principal Results
We developed a novel algorithm, called CanDETEC, to predict
candidemia among patients with cancer with suspected sepsis.
Given that this model only requires auto-extractable variables
with low missing rates, it can be easily applied in clinical

settings to help clinicians with decision making in prescribing
empirical antifungal agents.

Our CanDETEC model was developed using variables that
reflect the dynamic status of patients with cancer. It seems that
adopting these variables to the CanDETEC model will contribute
to providing timely decision support when this algorithm applied
to a real clinical setting. For example, the variable importance
of variance of the respiration rate was second highest
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(Multimedia Appendix 5). Therefore, this model could also be
used in real time.

Comparison With Prior Work
The CanDETEC algorithm can be used to support clinicians’
decision-making process in providing appropriate empirical
treatment for candidemia in patients with cancer. Although
candidemia contributes to the mortality of patients diagnosed
with malignancies, the timely diagnosis of candidemia remains
clinically challenging [8]. Given its low prevalence, busy
clinicians often overlook candidemia as a possible cause of
infection. Only 14.0% of patients (70/501) in our data set with
candidemia had received empirical antifungal agents, and the
30-day all-cause mortality rate exceeded 50% (264/501, 52.7%),
which is consistent with outcomes in previous studies [3,4,8,9].
Furthermore, infectious disease diagnostic processes that are
currently used have a high cognitive burden as they require the
collection and calculation of several complicated patient
information variables [32]. Because the CanDETEC algorithm
can be used without the clinician’s subjective judgment, our
model has the potential to support physicians’ decision-making
process with minimal additional workload.

Current tools for predicting candidemia have major limitations.
Although the Candida Score is the most widely used tool to
predict invasive candidemia, its sensitivity was reported to be
only 37% in a recent external validation study [16], which was
lower than the 81% in the original study [13]. This might have
been a result of differences in the patient population. Static
variables may also hinder the appropriate prediction of

candidemia because they cannot appropriately reflect changes
in the clinical status of patients over time. Not surprisingly, the
Candida Score showed relatively low diagnostic performance
in our study (AUROC 0.677).

Limitations
Our study has several limitations. First, CanDETEC was
designed to predict candidemia when blood cultures were
performed; however, the Candida Score was originally designed
to predict invasive candidiasis, including candidemia. Thus, a
comparison of diagnostic performance between our model and
should be interpreted with caution. Second, this was a
single-center retrospective study. Further multicenter prospective
studies are required for external validation and to prove the
clinical efficacy of the CanDETEC model. Third, although we
developed a model with clinically acceptable performance, we
only applied basic machine learning, such as random forest and
gradient boosting. Recently, more complex ensemble models
have been developed, and they have presented better
performance compared to that of basic machine learning models
in other medical domains [33,34]. Therefore, a follow-up study
employing a state-of-the-art model should be conducted to
examine whether the performance of the CanDETEC model
could be improved.

Conclusions
Our CanDETEC model, to predict candidemia in patients with
cancer, is expected to reduce the mortality of patients with
malignancy by helping the clinician with decision making for
timely antifungal treatment.

Acknowledgments
This study was supported by a grant from the Korea Health Technology Research and Development Project through the Korea
Health Industry Development Institute, funded by the Ministry of Health and Welfare, Republic of Korea (grant number
HI19C0275).

Authors' Contributions
JY collected, coded, and analyzed data, developed the models, and co-wrote the manuscript. SK designed the study and co-wrote
the manuscript. SH collected and coded the data and inspected the manuscript. KH selected clinically important variables and
inspected the manuscript. JH developed the models and co-wrote the manuscript. WCC designed the study and oversaw data
analysis and writing.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Variable group classification process.
[XLSX File (Microsoft Excel File), 22 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Detailed model parameters.
[DOCX File , 21 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Characteristics of candidemia events.
[XLSX File (Microsoft Excel File), 9 KB-Multimedia Appendix 3]

JMIR Med Inform 2021 | vol. 9 | iss. 7 | e24651 | p. 11https://medinform.jmir.org/2021/7/e24651
(page number not for citation purposes)

Yoo et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app1.xlsx&filename=2c4f62365faf57e72fe55873308ecff8.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app1.xlsx&filename=2c4f62365faf57e72fe55873308ecff8.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app2.docx&filename=183aca82867d8897bbb007a1cb3e3e70.docx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app2.docx&filename=183aca82867d8897bbb007a1cb3e3e70.docx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app3.xlsx&filename=4c67a011b04938ba0f7edfabb59dd27b.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app3.xlsx&filename=4c67a011b04938ba0f7edfabb59dd27b.xlsx
http://www.w3.org/Style/XSL
http://www.renderx.com/


Multimedia Appendix 4
Bonferroni-corrected posthoc comparisons.
[XLSX File (Microsoft Excel File), 11 KB-Multimedia Appendix 4]

Multimedia Appendix 5
Variable importance of the CanDETEC model.
[XLSX File (Microsoft Excel File), 12 KB-Multimedia Appendix 5]

References

1. Clancy CJ, Nguyen MH. T2 magnetic resonance for the diagnosis of bloodstream infections: charting a path forward. J
Antimicrob Chemother 2018 Mar 01;73(suppl_4):iv2-iv5. [doi: 10.1093/jac/dky050] [Medline: 29608754]

2. Viscoli C, Girmenia C, Marinus A, Collette L, Martino P, Vandercam B, et al. Candidemia in cancer patients: a prospective,
multicenter surveillance study by the Invasive Fungal Infection Group (IFIG) of the European Organization for Research
and Treatment of Cancer (EORTC). Clin Infect Dis 1999 May;28(5):1071-1079. [doi: 10.1086/514731] [Medline: 10452637]

3. Tang H, Liu W, Lin H, Lai C. Epidemiology and prognostic factors of candidemia in cancer patients. PLoS One 2014 Jun
5;9(6):e99103 [FREE Full text] [doi: 10.1371/journal.pone.0099103] [Medline: 24901336]

4. Li D, Xia R, Zhang Q, Bai C, Li Z, Zhang P. Evaluation of candidemia in epidemiology and risk factors among cancer
patients in a cancer center of China: an 8-year case-control study. BMC Infect Dis 2017 Aug 03;17(1):536 [FREE Full
text] [doi: 10.1186/s12879-017-2636-x] [Medline: 28768479]

5. Anaissie EJ, Rex JH, Uzun O, Vartivarian S. Predictors of adverse outcome in cancer patients with candidemia. Am J Med
1998 Mar;104(3):238-245. [doi: 10.1016/s0002-9343(98)00030-8] [Medline: 9552086]

6. Uzun O, Anaissie E. Predictors of outcome in cancer patients with candidemia. Ann Oncol 2000 Dec;11(12):1517-1521
[FREE Full text] [doi: 10.1023/a:1008308923252] [Medline: 11205457]

7. Nucci M, Silveira MI, Spector N, Silveira F, Velasco E, Akiti T, et al. Risk factors for death among cancer patients with
fungemia. Clin Infect Dis 1998 Jul;27(1):107-111. [doi: 10.1086/514609] [Medline: 9675463]

8. Morrell M, Fraser VJ, Kollef MH. Delaying the empiric treatment of candida bloodstream infection until positive blood
culture results are obtained: a potential risk factor for hospital mortality. Antimicrob Agents Chemother 2005
Sep;49(9):3640-3645 [FREE Full text] [doi: 10.1128/AAC.49.9.3640-3645.2005] [Medline: 16127033]

9. Zilberberg MD, Kollef MH, Arnold H, Labelle A, Micek ST, Kothari S, et al. Inappropriate empiric antifungal therapy for
candidemia in the ICU and hospital resource utilization: a retrospective cohort study. BMC Infect Dis 2010 Jun 03;10(1):150
[FREE Full text] [doi: 10.1186/1471-2334-10-150] [Medline: 20525301]

10. Horvath LL, Hospenthal DR, Murray CK, Dooley DP. Detection of simulated candidemia by the BACTEC 9240 system
with plus aerobic/F and anaerobic/F blood culture bottles. J Clin Microbiol 2003 Oct;41(10):4714-4717 [FREE Full text]
[doi: 10.1128/JCM.41.10.4714-4717.2003] [Medline: 14532209]

11. Gonzalez-Lara MF, Ostrosky-Zeichner L. Update on the diagnosis of candidemia and invasive candidiasis. Curr Fungal
Infect Rep 2019 Nov 23;13(4):301-307. [doi: 10.1007/s12281-019-00367-1]

12. Pittet D, Monod M, Suter PM, Frenk E, Auckenthaler R. Candida colonization and subsequent infections in critically ill
surgical patients. Ann Surg 1994 Dec;220(6):751-758. [doi: 10.1097/00000658-199412000-00008] [Medline: 7986142]

13. León C, Ruiz-Santana S, Saavedra P, Galván B, Blanco A, Castro C, Cava Study Group. Usefulness of the "Candida score"
for discriminating between Candida colonization and invasive candidiasis in non-neutropenic critically ill patients: a
prospective multicenter study. Crit Care Med 2009 May;37(5):1624-1633. [doi: 10.1097/CCM.0b013e31819daa14] [Medline:
19325481]

14. Guillamet CV, Vazquez R, Micek ST, Ursu O, Kollef M. Development and validation of a clinical prediction rule for
candidemia in hospitalized patients with severe sepsis and septic shock. J Crit Care 2015 Aug;30(4):715-720. [doi:
10.1016/j.jcrc.2015.03.010] [Medline: 25813550]

15. Atamna A, Eliakim-Raz N, Mohana J, Ben-Zvi H, Sorek N, Shochat T, et al. Predicting candidemia in the internal medicine
wards: a comparison with gram-negative bacteremia-a retrospectives study. Diagn Microbiol Infect Dis 2019 Sep;95(1):80-83.
[doi: 10.1016/j.diagmicrobio.2019.04.007] [Medline: 31129007]

16. Laine ME, Flannery AH, Moody B, Thompson Bastin ML. Need for expanded Candida Score for empiric antifungal use
in medically critically ill patients? Crit Care 2019 Jul 04;23(1):242 [FREE Full text] [doi: 10.1186/s13054-019-2525-3]
[Medline: 31272491]

17. Altintop YA, Ergul AB, Koc AN, Atalay MA. Evaluation of Candida colonization and use of the Candida Colonization
Index in a paediatric Intensive Care Unit: a prospective observational study. Infez Med 2019 Jun 01;27(2):159-167 [FREE
Full text] [Medline: 31205039]

18. Pfaller MA, Wolk DM, Lowery TJ. T2MR and T2Candida: novel technology for the rapid diagnosis of candidemia and
invasive candidiasis. Future Microbiol 2016;11(1):103-117 [FREE Full text] [doi: 10.2217/fmb.15.111] [Medline: 26371384]

JMIR Med Inform 2021 | vol. 9 | iss. 7 | e24651 | p. 12https://medinform.jmir.org/2021/7/e24651
(page number not for citation purposes)

Yoo et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app4.xlsx&filename=21f760ccc82175e475a053276934785d.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app4.xlsx&filename=21f760ccc82175e475a053276934785d.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app5.xlsx&filename=3aac8a3d082ad4616793d258a78cbe31.xlsx
https://jmir.org/api/download?alt_name=medinform_v9i7e24651_app5.xlsx&filename=3aac8a3d082ad4616793d258a78cbe31.xlsx
http://dx.doi.org/10.1093/jac/dky050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29608754&dopt=Abstract
http://dx.doi.org/10.1086/514731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10452637&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0099103
http://dx.doi.org/10.1371/journal.pone.0099103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24901336&dopt=Abstract
https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-017-2636-x
https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-017-2636-x
http://dx.doi.org/10.1186/s12879-017-2636-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28768479&dopt=Abstract
http://dx.doi.org/10.1016/s0002-9343(98)00030-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9552086&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0923-7534(19)55737-4
http://dx.doi.org/10.1023/a:1008308923252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11205457&dopt=Abstract
http://dx.doi.org/10.1086/514609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9675463&dopt=Abstract
http://europepmc.org/abstract/MED/16127033
http://dx.doi.org/10.1128/AAC.49.9.3640-3645.2005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16127033&dopt=Abstract
https://bmcinfectdis.biomedcentral.com/articles/10.1186/1471-2334-10-150
http://dx.doi.org/10.1186/1471-2334-10-150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20525301&dopt=Abstract
http://europepmc.org/abstract/MED/14532209
http://dx.doi.org/10.1128/JCM.41.10.4714-4717.2003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14532209&dopt=Abstract
http://dx.doi.org/10.1007/s12281-019-00367-1
http://dx.doi.org/10.1097/00000658-199412000-00008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7986142&dopt=Abstract
http://dx.doi.org/10.1097/CCM.0b013e31819daa14
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19325481&dopt=Abstract
http://dx.doi.org/10.1016/j.jcrc.2015.03.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25813550&dopt=Abstract
http://dx.doi.org/10.1016/j.diagmicrobio.2019.04.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31129007&dopt=Abstract
https://ccforum.biomedcentral.com/articles/10.1186/s13054-019-2525-3
http://dx.doi.org/10.1186/s13054-019-2525-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31272491&dopt=Abstract
https://www.infezmed.it/index.php/article?Anno=2019&numero=2&ArticoloDaVisualizzare=Vol_27_2_2019_159
https://www.infezmed.it/index.php/article?Anno=2019&numero=2&ArticoloDaVisualizzare=Vol_27_2_2019_159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31205039&dopt=Abstract
https://www.futuremedicine.com/doi/abs/10.2217/fmb.15.111?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.2217/fmb.15.111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26371384&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


19. Arendrup MC, Andersen JS, Holten MK, Krarup KB, Reiter N, Schierbeck J, et al. Diagnostic performance of T2Candida
among ICU patients with risk factors for invasive candidiasis. Open Forum Infect Dis 2019 May;6(5):ofz136 [FREE Full
text] [doi: 10.1093/ofid/ofz136] [Medline: 31069244]

20. Tang D, Chen X, Zhu C, Li Z, Xia Y, Guo X. Pooled analysis of T2 Candida for rapid diagnosis of candidiasis. BMC Infect
Dis 2019 Sep 11;19(1):798 [FREE Full text] [doi: 10.1186/s12879-019-4419-z] [Medline: 31510929]

21. Beaulieu-Jones B, Finlayson SG, Chivers C, Chen I, McDermott M, Kandola J, et al. Trends and focus of machine learning
applications for health research. JAMA Netw Open 2019 Oct 02;2(10):e1914051 [FREE Full text] [doi:
10.1001/jamanetworkopen.2019.14051] [Medline: 31651969]

22. Johnson AEW, Ghassemi MM, Nemati S, Niehaus KE, Clifton DA, Clifford GD. Machine learning and decision support
in critical care. Proc IEEE Inst Electr Electron Eng 2016 Feb;104(2):444-466 [FREE Full text] [doi:
10.1109/JPROC.2015.2501978] [Medline: 27765959]

23. Haibo H, Garcia E. Learning from imbalanced data. IEEE Trans Knowl Data Eng 2009 Sep;21(9):1263-1284. [doi:
10.1109/TKDE.2008.239]

24. Cohen G, Hilario M, Sax H, Hugonnet S, Geissbuhler A. Learning from imbalanced data in surveillance of nosocomial
infection. Artif Intell Med 2006 May;37(1):7-18. [doi: 10.1016/j.artmed.2005.03.002] [Medline: 16233974]

25. Liu C, Huang L, Wang W, Chen T, Yen C, Yang M, et al. Candidemia in cancer patients: impact of early removal of
non-tunneled central venous catheters on outcome. J Infect 2009 Feb;58(2):154-160. [doi: 10.1016/j.jinf.2008.12.008]
[Medline: 19162330]

26. Karabinis A, Hill C, Leclercq B, Tancrède C, Baume D, Andremont A. Risk factors for candidemia in cancer patients: a
case-control study. J Clin Microbiol 1988 Mar;26(3):429-432 [FREE Full text] [doi: 10.1128/jcm.26.3.429-432.1988]
[Medline: 3356785]

27. León C, Ruiz-Santana S, Saavedra P, Almirante B, Nolla-Salas J, Alvarez-Lerma F, EPCAN Study Group. A bedside
scoring system ("Candida score") for early antifungal treatment in nonneutropenic critically ill patients with Candida
colonization. Crit Care Med 2006 Mar;34(3):730-737. [doi: 10.1097/01.CCM.0000202208.37364.7D] [Medline: 16505659]

28. Olson R, Moore J. TPOT: A Tree-Based Pipeline Optimization Tool for Automating Machine Learning. In: Hutter F,
Kotthoff L, Vanschoren J, editors. Automated Machine Learning. Heidelberg: Springer International Publishing; Jun 24,
2019:66-74.

29. Miller K, Mosby D, Capan M, Kowalski R, Ratwani R, Noaiseh Y, et al. Interface, information, interaction: a narrative
review of design and functional requirements for clinical decision support. J Am Med Inform Assoc 2018 May
01;25(5):585-592. [doi: 10.1093/jamia/ocx118] [Medline: 29126196]

30. van Rossum G, Drake F. Python 3 Reference Manual. Scotts Valley, CA: CreateSpace; 2009.
31. CanDETEC. GitHub. URL: https://github.com/Smart-Health-Lab/CANDETEC [accessed 2021-07-13]
32. Roosan D, Weir C, Samore M, Jones M, Rahman M, Stoddard GJ, et al. Identifying complexity in infectious diseases

inpatient settings: an observation study. J Biomed Inform 2017 Jul;71S:S13-S21 [FREE Full text] [doi:
10.1016/j.jbi.2016.10.018] [Medline: 27818310]

33. Afzal M, Hussain M, Malik KM, Lee S. Impact of automatic query generation and quality recognition using deep learning
to curate evidence from biomedical literature: empirical study. JMIR Med Inform 2019 Dec 09;7(4):e13430 [FREE Full
text] [doi: 10.2196/13430] [Medline: 31815673]

34. Thongkam J, Xu G, Zhang Y. AdaBoost algorithm with random forests for predicting breast cancer survivability. 2008
Presented at: IEEE International Joint Conference on Neural Networks; June 1-8; Hong Kong. [doi:
10.1109/IJCNN.2008.4634231]

Abbreviations
AUROC: area under the receiver operating characteristic curve

Edited by C Lovis; submitted 29.09.20; peer-reviewed by M Afzal; comments to author 21.10.20; revised version received 09.11.20;
accepted 17.06.21; published 26.07.21

Please cite as:
Yoo J, Kim SH, Hur S, Ha J, Huh K, Cha WC
Candidemia Risk Prediction (CanDETEC) Model for Patients With Malignancy: Model Development and Validation in a Single-Center
Retrospective Study
JMIR Med Inform 2021;9(7):e24651
URL: https://medinform.jmir.org/2021/7/e24651
doi: 10.2196/24651
PMID: 34309570

JMIR Med Inform 2021 | vol. 9 | iss. 7 | e24651 | p. 13https://medinform.jmir.org/2021/7/e24651
(page number not for citation purposes)

Yoo et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

http://europepmc.org/abstract/MED/31069244
http://europepmc.org/abstract/MED/31069244
http://dx.doi.org/10.1093/ofid/ofz136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31069244&dopt=Abstract
https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-019-4419-z
http://dx.doi.org/10.1186/s12879-019-4419-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31510929&dopt=Abstract
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/10.1001/jamanetworkopen.2019.14051
http://dx.doi.org/10.1001/jamanetworkopen.2019.14051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31651969&dopt=Abstract
http://europepmc.org/abstract/MED/27765959
http://dx.doi.org/10.1109/JPROC.2015.2501978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27765959&dopt=Abstract
http://dx.doi.org/10.1109/TKDE.2008.239
http://dx.doi.org/10.1016/j.artmed.2005.03.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16233974&dopt=Abstract
http://dx.doi.org/10.1016/j.jinf.2008.12.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19162330&dopt=Abstract
http://europepmc.org/abstract/MED/3356785
http://dx.doi.org/10.1128/jcm.26.3.429-432.1988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3356785&dopt=Abstract
http://dx.doi.org/10.1097/01.CCM.0000202208.37364.7D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16505659&dopt=Abstract
http://dx.doi.org/10.1093/jamia/ocx118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29126196&dopt=Abstract
https://github.com/Smart-Health-Lab/CANDETEC
https://www.sciencedirect.com/science/article/pii/S1532046416301551
http://dx.doi.org/10.1016/j.jbi.2016.10.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27818310&dopt=Abstract
https://medinform.jmir.org/2019/4/e13430/
https://medinform.jmir.org/2019/4/e13430/
http://dx.doi.org/10.2196/13430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31815673&dopt=Abstract
http://dx.doi.org/10.1109/IJCNN.2008.4634231
https://medinform.jmir.org/2021/7/e24651
http://dx.doi.org/10.2196/24651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34309570&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


©Junsang Yoo, Si-Ho Kim, Sujeong Hur, Juhyung Ha, Kyungmin Huh, Won Chul Cha. Originally published in JMIR Medical
Informatics (https://medinform.jmir.org), 26.07.2021. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in JMIR Medical Informatics, is properly cited. The
complete bibliographic information, a link to the original publication on https://medinform.jmir.org/, as well as this copyright
and license information must be included.

JMIR Med Inform 2021 | vol. 9 | iss. 7 | e24651 | p. 14https://medinform.jmir.org/2021/7/e24651
(page number not for citation purposes)

Yoo et alJMIR MEDICAL INFORMATICS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/

