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Abstract
Background: Obesity is one of today’s most visible public health problems worldwide. Although modern bariatric surgery is
ostensibly considered safe, serious complications and mortality still occur in some patients.
Objective: This study aimed to explore whether serious postoperative complications of bariatric surgery recorded in a national
quality registry can be predicted preoperatively using deep learning methods.
Methods: Patients who were registered in the Scandinavian Obesity Surgery Registry (SOReg) between 2010 and 2015 were
included in this study. The patients who underwent a bariatric procedure between 2010 and 2014 were used as training data, and
those who underwent a bariatric procedure in 2015 were used as test data. Postoperative complications were graded according
to the Clavien-Dindo classification, and complications requiring intervention under general anesthesia or resulting in organ failure
or death were considered serious. Three supervised deep learning neural networks were applied and compared in our study:
multilayer perceptron (MLP), convolutional neural network (CNN), and recurrent neural network (RNN). The synthetic minority
oversampling technique (SMOTE) was used to artificially augment the patients with serious complications. The performances
of the neural networks were evaluated using accuracy, sensitivity, specificity, Matthews correlation coefficient, and area under
the receiver operating characteristic curve.
Results: In total, 37,811 and 6250 patients were used as the training data and test data, with incidence rates of serious complication
of 3.2% (1220/37,811) and 3.0% (188/6250), respectively. When trained using the SMOTE data, the MLP appeared to have a
desirable performance, with an area under curve (AUC) of 0.84 (95% CI 0.83-0.85). However, its performance was low for the
test data, with an AUC of 0.54 (95% CI 0.53-0.55). The performance of CNN was similar to that of MLP. It generated AUCs of
0.79 (95% CI 0.78-0.80) and 0.57 (95% CI 0.59-0.61) for the SMOTE data and test data, respectively. Compared with the MLP
and CNN, the RNN showed worse performance, with AUCs of 0.65 (95% CI 0.64-0.66) and 0.55 (95% CI 0.53-0.57) for the
SMOTE data and test data, respectively.
Conclusions: MLP and CNN showed improved, but limited, ability for predicting the postoperative serious complications after
bariatric surgery in the Scandinavian Obesity Surgery Registry data. However, the overfitting issue is still apparent and needs to
be overcome by incorporating intra- and perioperative information.
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Introduction
Background
Obesity is one of today’s most important public health problems
worldwide. With no changes in the current trends, the estimated
prevalence of severe obesity (BMI greater than 35 kg/m2) will
reach 9% for women and 6% for men within a few years [1].
Obesity is associated with an increased risk of several conditions
and diseases, such as type 2 diabetes, heart disease, and many
more, and imposes a major growing threat for global public
health [2]. It is a serious chronic condition that should be
prevented and treated as early as possible [3]. Although medical
weight management and pharmacotherapy are effective options,
modern bariatric surgery offers one of the best chances for
long-term weight loss and the resolution of comorbidity risk
[4].
Although modern bariatric surgery is considered to be ostensibly
safe, serious complications and mortality still occur in some
patients [5-7]. Thus, preoperative risk assessment is one of the
most important components of surgical decision making.
Numerous studies have attempted to predict the risk for
complications after bariatric surgery. Some studies developed
new models based on national databases [5-9], and other studies
applied the obesity surgery mortality risk score, although its
accuracy for prediction is still unclear [7,10-14]. In recent years,
the potential of addressing public health challenges and
advancing medical research through the increasing amount of
information regarding symptoms, diseases, and treatments, in
parallel with the challenges inherent in working with such
sources, are being recognized [15]. A variety of machine
learning (ML) methods, including artificial neural networks
[16], decision trees [17], Bayesian networks [18], and support
vector machines [19], have been widely applied with the aim
of detecting key features of the patient conditions and modeling
the disease progression after treatment from complex health
information and medical datasets. The application of different
ML methods in feature selection and classification in
multidimensional heterogeneous data can provide promising
tools for inference in medical practices [20,21]. These highly
nonlinear approaches have been utilized in medical research for
the development of predictive models, resulting in effective and
accurate decision making [22-24].
In our previous studies, conventional statistical models [8] and
ML methods [9] were used to predict the likelihood of serious
complication after bariatric surgery. Although some potential
risk factors, such as revision surgery, age, lower BMI, larger
waist circumference (WC), and dyspepsia, were associated with
a higher risk for serious postoperative complications by the
multivariate logistic regression model, the sensitivity of the
model for prediction was quite low (<0.01) [8]. When comparing
29 ML algorithms, we found that overfitting was still the
overwhelming problem even though some algorithms showed
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both high accuracy >0.95 and an acceptable area under curve
(AUC) >0.90 for the training data [9]. Despite these unfavorable
aspects, our study suggests that deep learning neural networks
(DLNNs) have the potential to improve the predictive capability
and deserve further investigation.
Although there is increasing evidence that the use of ML
methods can improve our understanding of postoperative
progression of bariatric surgery [25-30], few studies have used
DLNNs to predict the prognosis after bariatric surgery, and
validation is needed to select a proper method in clinical
practice.

Objectives
The aim of this study was to examine whether serious
postoperative complications of bariatric surgery can be predicted
preoperatively using DLNNs based on the information available
from a national quality registry. We used the data from the
Scandinavian Obesity Surgery Registry (SOReg) to examine
the performance of 3 widely used DLNNs.

Methods
Patients and Features
The SOReg covers virtually all bariatric surgical procedures
performed in Sweden since 2010 [31]. Patients who were
registered in the SOReg between 2010 and 2015 were included
in this study. Information for the patients who underwent a
bariatric procedure between 2010 and 2014 was used as training
data, and information from those in 2015 was used as test data.
Postoperative complications were graded according to the
Clavien-Dindo classification, and complications requiring
intervention under general anesthesia or resulting in organ
failure or death were considered serious (ie, grade 3b or higher)
[32]. The primary outcome was serious complications occurring
within the first 30 days after bariatric surgery. Details of the
data have been described elsewhere [8,9]. Briefly, 37,811 and
6250 patients were used as the training data and test data, with
incidence rates of serious complication of 3.2% (1220/37,811)
and 3.0% (188/6250), respectively. In general, the patients with
and without serious complication were balanced in baseline
demographic characteristics and comorbidity in the 2 datasets,
except that the patients with serious complications were a little
older (mean 42.9 vs 41.2 years; P<.001) and had greater WCs
(mean 126.2 vs 123.2 cm; P=.009) compared with those without
serious complications in the test dataset [9]. Except for the
outcome variable, 16 features of the patients were used for ML,
including 5 continuous features (age, hemoglobin A1c [HbA1c],
BMI, WC, and operation year) and 11 dichotomous features
(sex; sleep apnea; hypertension; diabetes; dyslipidemia;
dyspepsia; depression; musculoskeletal pain; previous venous
thromboembolism; revisional surgery; and the outcome, serious
postoperative complications).
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The Regional Ethics Committee in Stockholm approved the
study (approval number: 2013/535-31/5).

Deep Learning Neural Networks
Three supervised DLNNs were applied and compared in our
study, comprising multilayer perceptron (MLP), convolutional
neural network (CNN), and recurrent neural network (RNN)
models. For the MLP model, we used 4 dense layers and 2
dropout layers. The initial computation units for the dense layers
were set to 15, 64, 64, and 128, and dropout rate was set to 0.5
for the 2 dropout layers (Multimedia Appendix 1). The rectified
linear unit (relu) activation function was used for the 3 dense
layers, and the sigmoid activation function was used for the last
dense layer. The binary cross-entropy loss function and the root
mean square propagation optimizer were used when compiling
the model [33].
In the initial CNN, we used a 7-layer model with 2
one-dimensional (1D) convolution layers (with 10 filters for
each), 2 1D max pooling layers, 1 flatten layer, and 2 dense
layers (with 1000 computation units). The relu activation
function was used for the 2 1D convolution layers and the first
dense layers, and the sigmoid activation function was used for
the last dense layer. The binary cross-entropy loss function and
the adaptive moment estimation (Adam) optimizer were used
when compiling the model (Multimedia Appendix 2) [34].
In view of the temporal feature of the data, we also used the
RNN for prediction. To minimize computation time, the initial
model only included 1 long short-term memory (LSTM) layer
and 1 dense layer. The initial dimensionality of the LSTM layer
was set to 32. To tackle overfitting, we randomly dropped out
inputs and recurrent connections in the LSTM layer to break
happenstance correlations in the training data that the layer was
exposed to. The dropout rates for inputs and recurrent
connections were set to 0.2. The activation functions for input
connection and recurrent connection were hyperbolic tangent
and hard sigmoid, respectively. The activation function for the
dense layer was sigmoid. The binary cross-entropy loss function
and the Adam optimizer were used when compiling the model.

Feature Scaling
For the training data, the binary features were converted into
dummy variables, and the continuous features were standardized
to have mean 0 and SD 1 before they enter the model. For the
test data, the continuous features were standardized using the
corresponding means and standardizations from the training
data. HbA1c was log transformed before standardization because
of its asymmetrical distribution. In sensitivity analysis, the
normalizer and min-max scaler were also used to evaluate the
influence of scalers on the models’ performance.

Data Augmentation
As the incidence rate of serious complications is very low (only
3.2%), the extreme imbalance would result in serious bias in
the performance metrics [35]. Therefore, we used the synthetic
minority oversampling technique (SMOTE) to artificially
augment the proportion of patients with serious complications.
SMOTE generates a synthetic instance by interpolating the m
instances (for a given integer value m) of the minority class that
https://medinform.jmir.org/2020/5/e15992
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lies close enough to each other to achieve the desired ratio
between the majority and minority classes [36]. In our study, a
SMOTE dataset with a 1:1 ratio between the patients with and
without serious complications was generated and used for
training.

Performance Metrics
The performances of the three neural networks were evaluated
using accuracy, sensitivity, specificity, Matthews correlation
coefficient (MCC) [37], and area under the receiver operating
characteristic (ROC) curve. Terminology and derivations of the
metrics are given in detail elsewhere [9]. A successful prediction
model was defined as with an AUC greater than 0.7 [38,39].

Validation During Model Training
To find optimal high-level parameters (such as the number, size,
and type of layers in the networks) and lower-level parameters
(such as the number of epochs, choice of loss function and
activation function, and optimization procedure) in the DLNN
models, the K-fold cross-validation method was used during
the training phase. K-fold cross-validation is currently
considered as a minimum requirement to handle the problems
such as overfitting when applying only 1 single dataset in ML
[40]. In this study, we split the training data into 5 partitions,
instantiated 5 identical models, and trained each one on 4
partitions while evaluating the remaining partition. We then
computed the average performance metrics over the 5 folds. In
the end, the choice of the parameters was a compromise between
the neural network’s performance and computation time: the
model with a larger ratio of AUC to logarithmic computation
time or no significant difference (ΔAUC≤0.01) found between
the models’ performance. An example of parameters selection
by grid searching for MLP model is given in Multimedia
Appendix 3.

Software and Hardware
The descriptive and inferential statistical analyses were
performed using Stata 15.1 (StataCorp LLC, College Station).
The DLNN models were achieved using packages scikit-learn
0.19.1 and Keras 2.1.6 in Python 3.6 (Python Software
Foundation). The 95% CI of AUC was calculated using the
package pROC in R 3.61 (R Foundation for Statistical
Computing).
All the computation was conducted using a computer with the
64-bit Windows 7 Enterprise operating system (Service Pack
1), Intel Core TM i5-4210U CPU of 2.40 GHz, and 16.0 GB
installed random access memory.

Results
Overview of the Performance of the 3 Deep Learning
Neutral Networks
The incidence of serious complications after bariatric surgery
in our study was 3.2%, which is similar to other studies [12,41].
The 3 DLNNs showed quite similar performance for our original
training data, with specificity=1.00, sensitivity=0, and AUC≤0.6
(Table 1). Although the models’ specificity dropped when
trained using SMOTE data, the sensitivity increased significantly
from 0 to 0.97 in the MLP model and 0.70 in the CNN model
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(Table 1), and AUC also achieved an acceptable level (>0.7).
The finding confirms our previous assumption that DLNNs
trained by SMOTE data might have better performance in
predicting serious complications after bariatric surgery [9].
However, the performance of the 3 DLNNs in the test data was
still low; the highest AUC was only 0.23 for the MLP trained

by the SMOTE data (Table 1). MCC measures indicate that the
MLP trained by the SMOTE data showed promising prediction
(MCC=0.44) for the training data; however, the performance
of the 3 DLNNs was only slightly better than random prediction
(MCC=0.02, 0.03, and 0.05 for MLP, CNN, and RNN,
respectively) for the test data (Table 1).

Table 1. Performance metrics of the models.
Model

Training data
Accuracy

Test data
Specificity

Sensitivity

MCCa

AUCb

Accuracy

Specificity

Sensitivity

MCC

(95% CI)

(95% CI)
MLPc

0.97

1.00

0.00

0.00

0.60

0.97

1.00

0.00

0.00

(0.59-0.61)
MLPd

0.68

0.39

0.97

0.44

0.84

CNN

0.97

1.00

0.00

0.00

0.84

0.58

0.82

0.23

0.02

0.63

0.56

0.70

0.26

0.97

0.79

1.00

0.00

0.00

0.97

1.00

0.00

0.00

0.95

0.58

0.97

0.06

0.03

0.58

0.66

0.49

0.15

0.97

0.65

1.00

0.00

0.00

a

0.56
(0.55-0.57)

0.91

(0.64-0.66)

0.57
(0.59-0.61)

(0.57-0.59)
RNNd

0.55
(0.54-0.56)

(0.78-0.80)
RNNf

0.54
(0.53-0.55)

(0.56-0.60)
CNNd

0.57
(0.55-0.59)

(0.83-0.85)
e

AUC

0.93

0.14

0.05

0.55
(0.53-0.57)

MCC: Matthews correlation coefficient.

b

AUC: area under curve.

c

MLP: multilayer perceptron.

d

Trained using synthetic minority oversampling technique data.

e

CNN: convolutional neural network.

f

RNN: recurrent neural network.

Performance of Multilayer Perception
There were myriad combinations of high- and low-level
parameters used during model training, and most of them
resulted in constant performance after given values. Therefore,
we only show the trend of the MLP model’s accuracy with
number of epochs for model training while keeping other
parameters unchanged in Figure 1. When learning from the
original data, the accuracy almost did not change along with
the number of epochs, which was a constant value 0.968 (Figure
1, left panel). The reason is that the incidence rate of serious
complications was only 3.2%; therefore, although the model
always predicted a patient as having a serious complication, it
achieved high accuracy (>0.96), whereas in the SMOTE data
where the numbers of patients with and without serious
complications are equal, the choice of number of epochs shows
a significant influence on accuracy. When the epochs are less
than 20, the accuracy is smaller than 0.8, and it approximates
to 0.85 when epochs are greater than 80 and remains almost
constant afterward (Figure 1, right panel). As the computing
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time is proportional to the number of epochs, we selected epochs
80 for model training.
The performance of the MLP was not optimal for the original
training data and test data. The AUCs were barely higher than
a random guess, that is, 0.5, which were 0.60 (95% CI 0.59-0.61)
and 0.57 (95% CI 0.55-0.59) for the training data and test data,
respectively (Figure 2, left panel). When trained using the
SMOTE data, the performance of the MLP improved notably,
with an AUC of 0.84 (95% CI 0.83-0.85). However, its
performance was still low for the test data, with an AUC of 0.54
(95% CI 0.53-0.55; Figure 2, left panel).
The performance of MLP was significantly influenced by the
number of computation units in the SMOTE data but not in the
test data. For example, when the computation units of the first
layer ranged from 4 to 500, the AUC increased rapidly from
0.55 to 0.80. Within the range from 500 to 1000, the AUC
increased slowly from 0.80 to 0.85 and kept fluctuating around
0.85 afterward (Figure 3). However, the AUC kept fluctuating
around 0.55 in the test data no matter how many units were used
(Figure 3).
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Figure 1. Change of accuracy with the number of epochs in multilayer perceptron. MLP: multilayer perceptron; SMOTE: synthetic minority oversampling
technique.

Figure 2. Area under curve of multilayer perceptron with initial setting. MLP: multilayer perceptron.
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Figure 3. Performance of multilayer perceptron using the synthetic minority oversampling technique and test data with different numbers of computation
units in the first hidden layer. MLP: multilayer perceptron; ROC: receiver operating characteristic; SMOTE: synthetic minority oversampling technique.

Performance of Convolutional Neutral Network
The performance of CNN appeared to be similar to that of MLP.
The AUCs were 0.58 (95% CI 0.56-0.60) and 0.55 (95% CI
0.54-0.56) for the training data and test data, respectively (Figure
4, left panel). When trained using the SMOTE data, the AUCs
were 0.79 (95% CI 0.78-0.80) and 0.57 (95% CI 0.59-0.61),
respectively (Figure 4, right panel). Again, although the model’s
performance seems to be improved significantly after training
by the artificially balanced SMOTE data, its performance on
the unseen test data still appears low.

The number of output filters in the convolution (or the
dimensionality of the output space) has a significant influence
on the CNN model’s performance in the SMOTE data but not
in the training data and test data. The AUC of CNN increased
rapidly from 0.63 to 0.80 when we set the number of filters
from 5 to 50. However, the larger number of filters contributes
no further improvement (Figure 5). The CNN model trained by
the SMOTE data always gave an AUC around 0.52 in the test
data (Figure 5).

Figure 4. Area under curve of convolutional neural network with initial setting. CNN: convolutional neural network.
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Figure 5. Performance of convolutional neural network using the synthetic minority oversampling technique and test data with different numbers of
filters. CNN: convolutional neural network; ROC: receiver operating characteristic; SMOTE: synthetic minority oversampling technique.

Performance of Recurrent Neutral Network
Compared with the MLP and CNN, the RNN showed even
worse performance. AUCs of RNN for the original training data
and test data were 0.58 (95% CI 0.57-0.59) and 0.56 (95% CI
0.55-0.57), respectively (Figure 6, left panel). For the SMOTE

data, the AUC was only 0.65 (95% CI 0.64-0.66; Figure 6, right
panel), which was significantly lower than those derived from
MLP (AUC=0.83) and CNN (AUC=0.81). The AUC of RNN
trained by the SMOTE data was only 0.55 (95% CI 0.53-0.57)
for the test data.

Figure 6. Area under curve of recurrent neural network with initial setting. RNN: recurrent neural network.

The performance of the RNN model was influenced by the
dimensionality of the LSTM layer. The AUC changed from
0.50 to 0.60 rapidly when the dimensionality grew from 2 to
20 and kept fluctuating around 0.61 afterward (Figure 7).
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Although other hyperparameters, such as kernel initializer and
regularizer, also had an influence on the RNN’s performance,
their impacts were not as notable as the dimensionality of layer.
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Figure 7. Performance of recurrent neural network using the synthetic minority oversampling technique and test data with different dimensionalities
of long short-term memory. LSTM: long short-term memory; ROC: receiver operating characteristic; SMOTE: synthetic minority oversampling
technique.

Sensitivity Analysis and Computing Time
In the sensitivity analysis, we tried different scalers and
optimizers in data preparation and model compiling, and we
tried thousands of combinations of hyperparameters for each
model using the exhaustive grid search method [42]. Although
they showed more or less influence on the models’ performance,
the influence was negligible compared with the exponentially
increased computing time. Therefore, we only show the results
of the model with the optimal hyperparameters in the figures
above.
The computing time for the models was largely dependent on
the number of DLNN layers and hyperparameter settings of the
layers, number of epochs and batch size for training, and
obviously software and hardware used. In our study, with the
model structures and hyperparameters described above, the
running time ranged from 82 seconds for the MLP model
(computational units=64, epochs=80, batch size=128, and
trained by original data) to more than 10 hours for the CNN
model (filters=400, epochs=100, batch size=128, and trained
by SMOTE data with cross-validation and grid search) on our
computer.

Discussion
Principal Findings
Several studies have explored using ML methods to predict the
risks after bariatric surgery. Razzaghi et al [27] evaluated 6 of
the most popular classification methods to predict 4 common
outcomes (diabetes, angina, heart failure, and stroke) using
11,636 patients from the Premier Healthcare Database of the
United States. The study also applied the SMOTE technique to
handle the imbalance issue in the data, and the results indicate
that random forest and bagging methods outperform other
methods [27]. However, the study did not test methods using
https://medinform.jmir.org/2020/5/e15992

XSL• FO
RenderX

outer unseen data. Therefore, the real performance of the
methods is questionable. Thomas et al [28] predicted the
long-term weight status after bariatric surgery in 478 patients
using 8 neural networks. Their neural networks yielded an AUC
of 0.77 to 0.78 in predicting weight loss success. However, the
types of the neural networks used were not reported. It seems
as if the authors only used 1 neural network but with different
variables as input. Pedersen et al [25] used neural networks
integrating clinical and genomic biomarkers for 268 patients to
rank factors involved in type 2 diabetes remission after bariatric
surgery, and Hayes et al [26] used the decision tree and the
Naive Bayes to establish independent predictors for the
resolution of type 2 diabetes in 130 patients. However, the
sample sizes of both studies seem too small for nonlinear ML
algorithms; therefore, models might only have a high internal
validity but not external validity [43]. In our previous study,
we trained and compared 29 basic ML algorithms using
information from 37,811 patients to predict serious
complications after bariatric surgery. Although several ensemble
algorithms, such as random forest, gradient regression tree, and
bagging k-nearest neighbor, showed favorable performance,
the overfitting problem was apparent [9].
In this study, we applied and compared 3 DLNN models for
predicting serious complications after bariatric surgery. MLP
is the classical type of neural network, which consists of multiple
layers of computational units. The layers are interconnected in
a feedforward way, where the information moves only forward,
that is, from input nodes, through hidden nodes and to output
nodes, and the connections between the nodes do not form a
cycle [44]. CNN is a regularized version of MLP, which was
inspired by biological processes where the connectivity pattern
between neurons resembles the organization of the animal’s
visual cortex [45]. Although not specifically developed for
nonimage data, CNN may achieve state-of-the-art results for
classification prediction problems using time series data or
JMIR Med Inform 2020 | vol. 8 | iss. 5 | e15992 | p. 8
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sequence input data. The CNN input is traditionally
two-dimensional but can also be changed to be 1D, allowing it
to develop an internal representation of a 1D sequence. RNN
is designed to work with sequence prediction problems and
traditionally difficult to train, where connections between nodes
form a directed graph along a temporal sequence, which allows
it to exhibit temporal dynamic behavior. Unlike feedforward
neural networks, RNN can use its internal state (memory) to
process sequences of inputs. In effect, an RNN is a type of
neural network that has an internal loop. It loops over time steps,
and at each time step, it considers its current state at t and input
at t and combines them to obtain the output at t [46]. RNN is
traditionally difficult to train, but the LSTM network overcomes
the problems of training a recurrent network and, in turn, has
been perhaps the most successful and widely applied. Therefore,
we adopted the LSTM network in this study. Regarding the
choice of the number of layers in DLNNs, there is no universally
agreed upon threshold, but most researchers in the field agree
that DLNN has multiple nonlinear layers with a credit
assignment path (CAP) >2, and Schmidhuber [44] considers
CAP >10 to be very deep learning. To address a specific
real-world predictive modeling problem, in general, we cannot
analytically calculate the number of layers or the number of
nodes in a DLNN and have to use systematic experimentation
to discover what works best for our specific dataset.
Although the results from the MLP and CNN models seem
promising in the SMOTE training data, the overfitting problem
still exists, which was reflected in the poor performance of the
3 models in the test data (see Table 1 and the left panels in
Figures 2, 4, and 6). It means that although we have identified
potential risk factors related to serious complication after
bariatric surgery at the population level [8], using current data
available to predict whether an individual patient has a serious
complication after bariatric surgery is still far from clinically
applicable. Thus, despite using the most promising methods of
ML, these results support a previous review of standard
statistical methods for the prediction of complications in
bariatric surgery, where models based only on factors known
before surgery were insufficient to predict postoperative
complications [47]. The main reason for this insufficiency is
likely to be that all such methods are missing information on
intraoperative adverse events, surgical experience, and
perioperative optimization of patients, which are well-known
important risk factors for adverse postoperative outcome
[7,47-49].
We also noticed that the RNN performed worse than MLP and
RNN for our data. The possible reason might be that the
sequential pattern or temporal trend in our data cannot be
represented by the features currently available in our data, or
there is no dependency between the patients or events in the
time-series. Even if the trend can be captured by the RNN, it
might be weak, and the past status contributed noise rather than
information to current status.
Although increasing the number of computational units in the
layers or adding more layers may increase the model’s capacity,
the trade-off between computational expensiveness and
representational power is seen everywhere in ML. Limited by
https://medinform.jmir.org/2020/5/e15992
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the computing power, we tried to avoid complicated networks
such as applying multiple RNN layers or combining CNN and
RNN, but it deserves investigation in the future with data having
more variables and apparent temporal trend.

Advantages and Limitations
Compared with previous studies, there are several advantages
in our study. First, we used DLNNs rather than traditional ML
techniques. The biggest advantage of DLNNs is that they try
to learn high-level features from data in an incremental manner.
They need less human domain expertise for hard-core feature
extraction [50]. In contrast, in traditional ML techniques, most
of the applied features have to be identified by domain experts
to reduce the complexity of the data and make patterns more
visible to learning algorithms to work [44]. Second, the study
is based on a national quality register with extensive coverage
(97%) of the target population, with a very high follow-up rate
for the studied outcome. Therefore, on the one hand, the
selection bias is minimized in the study, and the much larger
sample size may ensure the external validity of the nonlinear
ML algorithms. Third, we conducted different types of
sensitivity analyses for feature scaling, hyperparameters
optimization, and model compiling during data training, which
ensure the efficiency and internal validity of our models.
However, we also have to admit that there are still some
limitations in our study. First, because of the low predictive
ability of the features available in SOReg in terms of the
Nagelkerke R2 and AUC [8,9], we failed to diminish overfitting
of the DLNN models. We hope to solve this problem by
incorporating extra variables on perioperative care in the future.
Including these factors is likely to improve the predictive ability;
however, these models would not allow guidance in the
preoperative setting. Second, although the DLNN models are
efficient and able to formulate an adequate solution to the
particular question, they are highly specialized to the specific
domain, and retraining is usually necessary for the questions
that do not pertain to the identical domain [51]. For example,
if we want to predict a specific serious complication such as
pulmonary embolism after bariatric surgery, we have to modify
the layers and readjust hyperparameters in the model because
the original models were not trained differentially for the
different outcomes. Third, DL requires a large amount of
computing power. The high-performance hardwire such as the
multicore graphics processing unit is usually needed. It is time
consuming and costly, and we have to give up some of the more
complicated models because of extreme time inefficiency and
leave them for future investigation when more efficient
algorithms or more powerful hardware become available.

Conclusions
Compared with the results from our previous study using
traditional ML algorithms to predict the postoperative serious
complication after bariatric surgery using SOReg data, the MLP
and CNN showed improved, but limited, predictive ability,
which deserves further investigation. The overfitting issue is
still apparent and needs to be overcome by incorporating more
patient features, for example, intra- and perioperative
information, from other data resources.
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Multimedia Appendix 1
Structure of the MLP model. MLP: multilayer perceptron.
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Multimedia Appendix 2
Structure of the CNN model. CNN: convolutional neural network.
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Multimedia Appendix 3
Performance of the first 175 MLP models with different computation units, epochs, and batch sizes. In general, performance of
the models (measured as AUC) increased with more computation units and epochs, and decreased with larger batch sizes. Although
the performance increased with the model’s complexity, the efficiency (measured as AUC divided by logarithmic computing
time) decreased. MLP: multilayer perceptron; AUC: area under the curve.
[PNG File , 178 KB-Multimedia Appendix 3]

References
1.

2.
3.

4.

5.

6.

7.

8.

9.

10.

11.

NCD Risk Factor Collaboration (NCD-RisC). Trends in adult body-mass index in 200 countries from 1975 to 2014: a
pooled analysis of 1698 population-based measurement studies with 19.2 million participants. Lancet 2016 Apr
2;387(10026):1377-1396 [FREE Full text] [doi: 10.1016/S0140-6736(16)30054-X] [Medline: 27115820]
Kopelman PG, Caterson ID, Dietz WH. Clinical Obesity in Adults and Children. New York: John Wiley & Sons; 2009.
Adams TD, Davidson LE, Litwin SE, Kolotkin RL, LaMonte MJ, Pendleton RC, et al. Health benefits of gastric bypass
surgery after 6 years. J Am Med Assoc 2012 Sep 19;308(11):1122-1131 [FREE Full text] [doi: 10.1001/2012.jama.11164]
[Medline: 22990271]
Sjöström L, Lindroos A, Peltonen M, Torgerson J, Bouchard C, Carlsson B, Swedish Obese Subjects Study Scientific
Group. Lifestyle, diabetes, and cardiovascular risk factors 10 years after bariatric surgery. N Engl J Med 2004 Dec
23;351(26):2683-2693. [doi: 10.1056/NEJMoa035622] [Medline: 15616203]
Finks JF, Kole KL, Yenumula PR, English WJ, Krause KR, Carlin AM, Michigan Bariatric Surgery Collaborative‚ from
the Center for Healthcare Outcomes and Policy. Predicting risk for serious complications with bariatric surgery: results
from the Michigan Bariatric Surgery Collaborative. Ann Surg 2011 Oct;254(4):633-640. [doi:
10.1097/SLA.0b013e318230058c] [Medline: 21897200]
Gupta PK, Franck C, Miller WJ, Gupta H, Forse RA. Development and validation of a bariatric surgery morbidity risk
calculator using the prospective, multicenter NSQIP dataset. J Am Coll Surg 2011 Mar;212(3):301-309. [doi:
10.1016/j.jamcollsurg.2010.11.003] [Medline: 21247780]
Stenberg E, Szabo E, Agren G, Näslund E, Boman L, Bylund A, Scandinavian Obesity Surgery Registry Study Group.
Early complications after laparoscopic gastric bypass surgery: results from the Scandinavian Obesity Surgery Registry.
Ann Surg 2014 Dec;260(6):1040-1047. [doi: 10.1097/SLA.0000000000000431] [Medline: 24374541]
Stenberg E, Cao Y, Szabo E, Näslund E, Näslund I, Ottosson J. Risk prediction model for severe postoperative complication
in bariatric surgery. Obes Surg 2018 Jul;28(7):1869-1875 [FREE Full text] [doi: 10.1007/s11695-017-3099-2] [Medline:
29330654]
Cao Y, Fang X, Ottosson J, Näslund E, Stenberg E. A comparative study of machine learning algorithms in predicting
severe complications after bariatric surgery. J Clin Med 2019 May 12;8(5):pii: E668 [FREE Full text] [doi:
10.3390/jcm8050668] [Medline: 31083643]
DeMaria EJ, Portenier D, Wolfe L. Obesity surgery mortality risk score: proposal for a clinically useful score to predict
mortality risk in patients undergoing gastric bypass. Surg Obes Relat Dis 2007;3(2):134-140. [doi:
10.1016/j.soard.2007.01.005] [Medline: 17386394]
Efthimiou E, Court O, Sampalis J, Christou N. Validation of Obesity Surgery Mortality Risk Score in patients undergoing
gastric bypass in a Canadian center. Surg Obes Relat Dis 2009;5(6):643-647. [doi: 10.1016/j.soard.2009.08.010] [Medline:
19837010]

https://medinform.jmir.org/2020/5/e15992

XSL• FO
RenderX

JMIR Med Inform 2020 | vol. 8 | iss. 5 | e15992 | p. 10
(page number not for citation purposes)

JMIR MEDICAL INFORMATICS
12.
13.

14.

15.

16.
17.

18.

19.
20.
21.

22.
23.
24.

25.

26.

27.
28.
29.

30.

31.
32.

33.
34.
35.

Sarela AI, Dexter SP, McMahon MJ. Use of the obesity surgery mortality risk score to predict complications of laparoscopic
bariatric surgery. Obes Surg 2011 Nov;21(11):1698-1703. [doi: 10.1007/s11695-011-0379-0] [Medline: 21399971]
Geubbels N, de Brauw LM, Acherman YI, van de Laar AW, Wouters MW, Bruin SC. The preceding surgeon factor in
bariatric surgery: a positive influence on the learning curve of subsequent surgeons. Obes Surg 2015 Aug;25(8):1417-1424.
[doi: 10.1007/s11695-014-1538-x] [Medline: 25511752]
Lorente L, Ramón JM, Vidal P, Goday A, Parri A, Lanzarini E, et al. Obesity surgery mortality risk score for the prediction
of complications after laparoscopic bariatric surgery. Cir Esp 2014 May;92(5):316-323. [doi: 10.1016/j.ciresp.2013.09.014]
[Medline: 24361099]
Agarwal V, Zhang L, Zhu J, Fang S, Cheng T, Hong C, et al. Impact of predicting health care utilization via web search
behavior: a data-driven analysis. J Med Internet Res 2016 Sep 21;18(9):e251 [FREE Full text] [doi: 10.2196/jmir.6240]
[Medline: 27655225]
Lisboa PJ, Taktak AF. The use of artificial neural networks in decision support in cancer: a systematic review. Neural Netw
2006 May;19(4):408-415. [doi: 10.1016/j.neunet.2005.10.007] [Medline: 16483741]
Esteban C, Arostegui I, Moraza J, Aburto M, Quintana JM, Pérez-Izquierdo J, et al. Development of a decision tree to
assess the severity and prognosis of stable COPD. Eur Respir J 2011 Dec;38(6):1294-1300 [FREE Full text] [doi:
10.1183/09031936.00189010] [Medline: 21565913]
Verduijn M, Peek N, Rosseel PM, de Jonge E, de Mol BA. Prognostic Bayesian networks I: rationale, learning procedure,
and clinical use. J Biomed Inform 2007 Dec;40(6):609-618 [FREE Full text] [doi: 10.1016/j.jbi.2007.07.003] [Medline:
17704008]
Barakat NH, Bradley AP, Barakat MN. Intelligible support vector machines for diagnosis of diabetes mellitus. IEEE Trans
Inf Technol Biomed 2010 Jul;14(4):1114-1120. [doi: 10.1109/TITB.2009.2039485] [Medline: 20071261]
Liu H, Motoda H. Computational Methods of Feature Selection. New York: CRC Press; 2007.
Lee H, Yoon SB, Yang S, Kim WH, Ryu H, Jung C, et al. Prediction of acute kidney injury after liver transplantation:
machine learning approaches vs logistic regression model. J Clin Med 2018 Nov 8;7(11):pii: E428 [FREE Full text] [doi:
10.3390/jcm7110428] [Medline: 30413107]
Ali AR. Emerj - Artificial Intelligence Research and Insight. 2017. Deep Learning in Oncology – Applications in Fighting
Cancer URL: https://emerj.com/ai-sector-overviews/deep-learning-in-oncology/ [accessed 2018-06-01]
Jiang F, Jiang Y, Zhi H, Dong Y, Li H, Ma S, et al. Artificial intelligence in healthcare: past, present and future. Stroke
Vasc Neurol 2017 Dec;2(4):230-243 [FREE Full text] [doi: 10.1136/svn-2017-000101] [Medline: 29507784]
Tran BX, Vu GT, Ha GH, Vuong Q, Ho M, Vuong T, et al. Global evolution of research in artificial intelligence in health
and medicine: a bibliometric study. J Clin Med 2019 Mar 14;8(3):pii: E360 [FREE Full text] [doi: 10.3390/jcm8030360]
[Medline: 30875745]
Pedersen HK, Gudmundsdottir V, Pedersen MK, Brorsson C, Brunak S, Gupta R. Ranking factors involved in diabetes
remission after bariatric surgery using machine-learning integrating clinical and genomic biomarkers. NPJ Genom Med
2016;1:16035 [FREE Full text] [doi: 10.1038/npjgenmed.2016.35] [Medline: 29263820]
Hayes MT, Hunt LA, Foo J, Tychinskaya Y, Stubbs RS. A model for predicting the resolution of type 2 diabetes in severely
obese subjects following Roux-en Y gastric bypass surgery. Obes Surg 2011 Jul;21(7):910-916. [doi:
10.1007/s11695-011-0370-9] [Medline: 21336560]
Razzaghi T, Safro I, Ewing J, Sadrfaridpour E, Scott JD. Predictive models for bariatric surgery risks with imbalanced
medical datasets. Ann Oper Res 2019;280(1-2):1-18. [doi: 10.1007/s10479-019-03156-8]
Thomas DM, Kuiper P, Zaveri H, Surve A, Cottam DR. Neural networks to predict long-term bariatric surgery outcomes.
Bariatric Times 2017;14(12):14-17 [FREE Full text]
Piaggi P, Lippi C, Fierabracci P, Maffei M, Calderone A, Mauri M, et al. Artificial neural networks in the outcome prediction
of adjustable gastric banding in obese women. PLoS One 2010 Oct 27;5(10):e13624 [FREE Full text] [doi:
10.1371/journal.pone.0013624] [Medline: 21048960]
Ehlers AP, Roy SB, Khor S, Mandagani P, Maria M, Alfonso-Cristancho R, et al. Improved risk prediction following
surgery using machine learning algorithms. EGEMS (Wash DC) 2017 Apr 20;5(2):3 [FREE Full text] [doi:
10.13063/2327-9214.1278] [Medline: 29881747]
Hedenbro JL, Näslund E, Boman L, Lundegårdh G, Bylund A, Ekelund M, et al. Formation of the Scandinavian Obesity
Surgery Registry, SOReg. Obes Surg 2015 Oct;25(10):1893-1900. [doi: 10.1007/s11695-015-1619-5] [Medline: 25703826]
Dindo D, Demartines N, Clavien P. Classification of surgical complications: a new proposal with evaluation in a cohort of
6336 patients and results of a survey. Ann Surg 2004 Aug;240(2):205-213. [doi: 10.1097/01.sla.0000133083.54934.ae]
[Medline: 15273542]
Kurbiel T, Khaleghian S. arXiv preprint. 2017. Training of Deep Neural Networks based on Distance Measures using
RMSProp URL: https://arxiv.org/pdf/1708.01911.pdf [accessed 2020-03-04]
Kingma DP, Ba JL. arXiv preprint. 2014. Adam: A Method for Stochastic Optimization URL: https://arxiv.org/pdf/1412.
6980.pdf [accessed 2020-03-04]
Batista GE, Prati RC, Monard MC. A study of the behavior of several methods for balancing machine learning training
data. ACM SIGKDD Explor Newsl 2004 Jun;6(1):20-29. [doi: 10.1145/1007730.1007735]

https://medinform.jmir.org/2020/5/e15992

XSL• FO
RenderX

Cao et al

JMIR Med Inform 2020 | vol. 8 | iss. 5 | e15992 | p. 11
(page number not for citation purposes)

JMIR MEDICAL INFORMATICS
36.
37.
38.
39.
40.
41.

42.
43.
44.
45.

46.
47.

48.

49.

50.

51.

Cao et al

Chawla NV, Bowyer KW, Hall LO, Kegelmeyer WP. SMOTE: Synthetic minority over-sampling technique. J Artif Intell
Res 2002;16:321-357. [doi: 10.1613/jair.953]
Matthews BW. Comparison of the predicted and observed secondary structure of T4 phage lysozyme. Biochim Biophys
Acta 1975 Oct 20;405(2):442-451. [doi: 10.1016/0005-2795(75)90109-9] [Medline: 1180967]
Marzban C. The ROC curve and the area under it as performance measures. Weather Forecast 2004;19(6):1106-1114. [doi:
10.1175/825.1]
Mandrekar JN. Receiver operating characteristic curve in diagnostic test assessment. J Thorac Oncol 2010 Sep;5(9):1315-1316
[FREE Full text] [doi: 10.1097/JTO.0b013e3181ec173d] [Medline: 20736804]
Raschka S, Mirjalili V. Python Machine Learning. Birmingham, United Kingdom: Packt Publishing Ltd; 2017.
Longitudinal Assessment of Bariatric Surgery (LABS) Consortium, Flum DR, Belle SH, King WC, Wahed AS, Berk P, et
al. Perioperative safety in the longitudinal assessment of bariatric surgery. N Engl J Med 2009 Jul 30;361(5):445-454 [FREE
Full text] [doi: 10.1056/NEJMoa0901836] [Medline: 19641201]
Wilson AC, Roelofs R, Stern M, Srebro N, Recht B. arxiv preprints. 2017. The Marginal Value of Adaptive Gradient
Methods in Machine Learning URL: https://arxiv.org/abs/1705.08292 [accessed 2020-03-04]
Marsland S. Machine Learning: An Algorithmic Perspective. Boca Raton, Florida: Chapman and Hall/CRC; 2011.
Schmidhuber J. Deep learning in neural networks: an overview. Neural Netw 2015 Jan;61:85-117. [doi:
10.1016/j.neunet.2014.09.003] [Medline: 25462637]
Matsugu M, Mori K, Mitari Y, Kaneda Y. Subject independent facial expression recognition with robust face detection
using a convolutional neural network. Neural Netw 2003;16(5-6):555-559. [doi: 10.1016/S0893-6080(03)00115-1] [Medline:
12850007]
Chollet F. Deep Learning with Python. Shelter Island, NY: Manning Publication Co; 2018.
Geubbels N, de Brauw LM, Acherman YI, van de Laar AW, Bruin SC. Risk stratification models: how well do they predict
adverse outcomes in a large Dutch Bariatric Cohort? Obes Surg 2015 Dec;25(12):2290-2301. [doi:
10.1007/s11695-015-1699-2] [Medline: 25937046]
Greenstein AJ, Wahed AS, Adeniji A, Courcoulas AP, Dakin G, Flum DR, et al. Prevalence of adverse intraoperative events
during obesity surgery and their sequelae. J Am Coll Surg 2012 Aug;215(2):271-7.e3 [FREE Full text] [doi:
10.1016/j.jamcollsurg.2012.03.008] [Medline: 22634116]
Thorell A, MacCormick AD, Awad S, Reynolds N, Roulin D, Demartines N, et al. Guidelines for perioperative care in
bariatric surgery: enhanced recovery after surgery (ERAS) society recommendations. World J Surg 2016 Sep;40(9):2065-2083.
[doi: 10.1007/s00268-016-3492-3] [Medline: 26943657]
Krishnamoorthy M, Suresh S, Alagappan S, Ahamed BB. Deep learning techniques and optimization strategies in big data
analytics: automated transfer learning of convolutional neural networks using Enas algorithm. In: Thomas JJ, Karagoz P,
Ahamed BB, Vasant P, editors. Deep Learning Techniques and Optimization Strategies in Big Data Analytics. Hershey,
Pennsylvania: IGI Global; 2020:142-153.
Sünderhauf N, Brock O, Scheirer W, Hadsell R, Fox D, Leitner J, et al. The limits and potentials of deep learning for
robotics. Int J Robot Res 2018;37(4-5):405-420. [doi: 10.1177/0278364918770733]

Abbreviations
1D: one-dimensional
Adam: adaptive moment estimation
AUC: area under curve
CAP: credit assignment path
CNN: convolutional neural network
DLNN: deep learning neural network
HbA1c: hemoglobin A1c
LSTM: long short-term memory
MCC: Matthews correlation coefficient
ML: machine learning
MLP: multilayer perceptron
relu: rectified linear unit
RNN: recurrent neural network
ROC: receiver operating characteristic
SMOTE: synthetic minority oversampling technique
SOReg: the Scandinavian Obesity Surgery Registry
WC: waist circumference

https://medinform.jmir.org/2020/5/e15992

XSL• FO
RenderX

JMIR Med Inform 2020 | vol. 8 | iss. 5 | e15992 | p. 12
(page number not for citation purposes)

JMIR MEDICAL INFORMATICS

Cao et al

Edited by G Eysenbach; submitted 25.08.19; peer-reviewed by G Qin, E Kristiansson, L Zhang; comments to author 16.12.19; revised
version received 07.01.20; accepted 07.02.20; published 08.05.20
Please cite as:
Cao Y, Montgomery S, Ottosson J, Näslund E, Stenberg E
Deep Learning Neural Networks to Predict Serious Complications After Bariatric Surgery: Analysis of Scandinavian Obesity Surgery
Registry Data
JMIR Med Inform 2020;8(5):e15992
URL: https://medinform.jmir.org/2020/5/e15992
doi: 10.2196/15992
PMID: 32383681

©Yang Cao, Scott Montgomery, Johan Ottosson, Erik Näslund, Erik Stenberg. Originally published in JMIR Medical Informatics
(http://medinform.jmir.org), 08.05.2020. 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 http://medinform.jmir.org/, as well as this copyright and license
information must be included.

https://medinform.jmir.org/2020/5/e15992

XSL• FO
RenderX

JMIR Med Inform 2020 | vol. 8 | iss. 5 | e15992 | p. 13
(page number not for citation purposes)

