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Abstract

Purpose Manual feedback from senior surgeons observing less experienced trainees is a laborious task that is very expensive,
time-consuming and prone to subjectivity. With the number of surgical procedures increasing annually, there is an unprece-
dented need to provide an accurate, objective and automatic evaluation of trainees’ surgical skills in order to improve surgical
practice.

Methods In this paper, we designed a convolutional neural network (CNN) to classify surgical skills by extracting latent
patterns in the trainees’ motions performed during robotic surgery. The method is validated on the JIGSAWS dataset for two
surgical skills evaluation tasks: classification and regression.

Results Our results show that deep neural networks constitute robust machine learning models that are able to reach new
competitive state-of-the-art performance on the JIGSAWS dataset. While we leveraged from CNNs’ efficiency, we were able
to minimize its black-box effect using the class activation map technique.

Conclusions This characteristic allowed our method to automatically pinpoint which parts of the surgery influenced the skill
evaluation the most, thus allowing us to explain a surgical skill classification and provide surgeons with a novel personalized
feedback technique. We believe this type of interpretable machine learning model could integrate within “Operation Room
2.0” and support novice surgeons in improving their skills to eventually become experts.

Keywords Kinematic data - Surgical education - Deep learning - Time-series classification - Interpretable machine learning

Introduction

Over the last century, the standard training exercise of Dr.
William Halsted has dominated surgical education in var-
ious regions of the world [18]. His training methodology
of “see one, do one, teach one” is still one of the most
adopted approaches to date [1]. The main idea is that the
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student could become an experienced surgeon by observing
and participating in mentored surgeries [18]. These train-
ing techniques, although widely used, lack of an objective
surgical skill evaluation method [14]. Standard assessment
of surgical skills is presently based on checklists that are
filled by an expert watching the surgical task [1]. In an
attempt to predict a trainee’s skill level without using on an
expert surgeon’s judgement, objective structured assessment
of technical skills (OSATS) was proposed and is currently
adopted for clinical practice [17]. Alas, this type of observa-
tional rating still suffers from several external and subjective
factors such as the inter-rater reliability, the development
process and the bias of respectively the checklist and the
evaluator [8].

Further studies demonstrated that a vivid relationship
occurs between a surgeon’s technical skill and the postop-
erative outcomes [2]. The latter approach suffers from the
fact that the aftermath of a surgery hinges on the physiologi-
cal attributes of the patient [14]. Furthermore, obtaining this
type of data is very strenuous, which renders these skill eval-
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uation techniques difficult to carry out for surgical education.
Recent progress in surgical robotics such as the da Vinci sur-
gical system [9] enabled the recording of video and kinematic
data from various surgical tasks. Ergo, a substitute for check-
lists and outcome-based approaches is to generate, from these
kinematics, global movement features (GMFs) such as the
surgical task’s speed, time completion, motion smoothness,
curvature and other holistic characteristics [14,24]. While
most of these techniques are efficacious, it is not perspicu-
ous how they could be leveraged to support the trainee with
a detailed and constructive feedback, in order to go beyond a
naive classification into a skill level (i.e., expert, intermedi-
ate, etc.). This is problematic as feedback on medical practice
enables surgeons to reach higher skill levels while improving
their performance [10].

Lately, a field entitled Surgical Data Science [16] has
emerged by dint of the increasing access to a huge amount of
complex data which pertain to the staff, the patient and sen-
sors for capturing the procedure and patient related data such
as kinematic variables and images [6]. Instead of extracting
GMFs, recent inquiries have a tendency to break down sur-
gical tasks into finer segments called “gestures,” manually
before training the model, and finally estimate the trainees’
performance based on their assessment during these indi-
vidual gestures [19]. Even though these methods achieved
promising and accurate results in terms of evaluating sur-
gical skills, they necessitate labeling a huge amount of
gestures before training the estimator [19]. We pointed out
two major limits in the actual existing techniques that esti-
mate surgeons’ skill level from their corresponding kinematic
variables: firstly, the absence of an interpretable result of
the skill prediction that can be used by the trainees to reach
higher surgical skill levels; secondly, the requirement of ges-
ture boundaries that are pre-defined by annotators which is
prone to inter-annotator reliability and time-consuming [20].

In this paper, we design a novel architecture of convo-
lutional neural networks (CNNs) dedicated to evaluating
surgical skills. By employing one-dimensional kernels over
the kinematic time series, we avoid the need to extract
unreliable and sensitive gesture boundaries. The original
hierarchical structure of our model allows us to capture global
information specific to the surgical skill level, as well as to
represent the gestures in latent low-level features. Further-
more, to provide an interpretable feedback, instead of using
a dense layer like most traditional deep learning architec-
tures [23], we place a global average pooling (GAP) layer
which allows us to take advantage from the class activa-
tion map (CAM), proposed originally by [23], to localize
which fraction of the trial impacted the model’s decision
when evaluating the skill level of a surgeon. Using a standard
experimental setup on the largest public dataset for robotic
surgical data analysis: the JHU-ISI Gesture and Skill Assess-
ment Working Set (JIGSAWS) [6], we show the precision of
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our FCN model. Our main contribution is to demonstrate that
deep learning can be leveraged to understand the complex and
latent structures when classifying surgical skills and predict-
ing the OSATS score of a surgery, especially since there is
still much to be learned on what does exactly constitute a
surgical skill [14].

Background

In this section, we turn our attention to the recent advances
leveraging the kinematic data for surgical skills evaluation.
The problem we are interested in requires an input that con-
sists of a set of time series recorded by the da Vinci’s motion
sensors representing the input surgery and the targeted task is
to attribute a skill level to the surgeon performing a trial. One
of the earliest work focused on extracting GMFs from kine-
matic variables and training off-the-shelf classifiers to output
the corresponding surgical skill level [14]. Although these
methods yielded impressive results, their accuracy depends
highly on the quality of the extracted features. As an alterna-
tive to GMF-based techniques, recent studies tend to break
down surgical tasks into smaller segments called surgical
gestures, manually before the training phase, and assess the
skill level of the surgeons based on their fine-grained per-
formance during the surgical gestures, for example, using
a sparse hidden Markov model (S-HMM) [19]. Although
the latter technique yields high accuracy, it requires manual
segmentation of the surgical trial into fine-grained gestures,
which is considered expensive and time-consuming. Hence,
recent surgical skills evaluation techniques have focused on
algorithms that do not require this type of annotation and
are mainly data driven [4,11,21,24]. For surgical skill evalu-
ation, we distinguish two tasks. The first one is to output the
discrete skill level of a surgeon such as novice (N), inter-
mediate (I) or expert (E). For example, [24] adopted the
approximate entropy (ApEn) algorithm to extract features
from each trial which are later fed to a nearest neighbor clas-
sifier. More recently, [21] proposed a CNN-based approach
to classify sliding windows of time series; therefore, instead
of outputting the class for the whole surgery, the network is
trained to output the class in an online setting for each win-
dow. In [5], the authors emphasized the lack of explainability
for these latter approaches, by highlighting the fact that inter-
pretable feedback to the trainees is important for a novice to
become an expert surgeon [10]. Therefore, the authors pro-
posed an approach that uses a sliding window technique with
a discretization method that transforms the time series into a
bag of words and trains a nearest neighbor classifier coupled
with the cosine similarity. Then, using the weight of each
word, the algorithm is able to provide a degree of contribu-
tion for each sliding window and therefore give some sort
of useful feedback to the trainees that explains the decision
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taken by the classifier. Although the latter technique showed
interesting results, the authors did sacrifice the accuracy in
favor of interpretability. On the other hand, using our fully
convolutional neural networks (FCN) we provide the trainee
with an interpretable yet very accurate model by leveraging
the class activation map (CAM) algorithm, originally pro-
posed for computer vision tasks by [23]. The second type of
problem in surgical skill evaluation is to train a model that
predicts the modified OSATS score for a certain surgical trial.
For example, [24] extended their ApEn model to predict the
OSATS score, also known as global rating score (GRS). Inter-
estingly, the latter extension to a regression model instead of
a classification one enabled the authors to propose a tech-
nique that provides interpretability of the model’s decision,
whereas our neural network provides an explanation for both
classification and regression tasks.

We present briefly the dataset used in this paper as we
rely on the features’ definitions to describe our method. The
JIGSAWS dataset, first published by [6], has been collected
from eight right-handed subjects with three different surgi-
cal skill levels: novice (N), intermediate (I) and expert (E),
with each group having reported, respectively, less than 10
h, between 10 and 100 h and more than 100 h of training on
the Da Vinci. Each subject performed five trials of each one
of the three surgical tasks: suturing, needle passing and knot
tying. For each trial, the video and kinematic variables were
registered. In this paper, we focused solely on the kinematics
which are numeric variables of four manipulators: right and
left masters (controlled by the subject’s hands) and right and
left slaves (controlled indirectly by the subject via the master
manipulators). These 76 kinematic variables are recorded at a
frequency of 30 Hz for each surgical trial. Finally, we should
mention that in addition to the three self-proclaimed skill
levels (N,LE), JIGSAWS also contains the modified OSATS
score [6], which corresponds to an expert surgeon observ-
ing the surgical trial and annotating the performance of the
trainee. The main goal of this work is to evaluate surgical
skills by considering either the self-proclaimed discrete skill
level (classification) or the OSATS score (regression) as our
target variable. We conceive each trial as a multivariate time
series (MTS) and designed a one-dimensional CNN dedi-
cated to learn automatically useful features for surgical skill
evaluation in an end-to-end manner [13].

Methods

Our approach takes inspiration of the recent success of CNNs
for time-series classification [13,22]. Figure 1 illustrates
the fully convolutional neural network (FCN) architecture,
which we have designed specifically for surgical skill eval-
uation using temporal kinematic data. The network’s input
is an MTS with a variable length [ and 76 channels. For

the classification task, the output layer contains a number
of neurons equal to three (N,LLE) with the softmax activa-
tion function, whereas for the regression task (predicting the
OSATS score), the number of neurons in the last layer is equal
to six: (1) “Respect for tissue”; (2) “Suture/needle handling”;
(3) “Time and motion”; (4) “Flow of operation”; (5) “Over-
all performance”; (6) “Quality of final product” [6], with a
linear activation function.

Compared with convolutions for image recognition, where
usually the model’s input exhibits two spatial dimensions
(height and width) and three channels (red, green and blue),
the input to our network is a time series with one spa-
tial dimension (surgical task’s length /) and 76 channels
(denoting the 76 kinematics: x, y, z, ... ). One of the main
challenges we have encountered when designing our archi-
tecture was the large number of channels (76) compared to
the traditional red, green and blue channels (3) for the image
recognition problem. Hence, instead of applying the filters
over the whole 76 channels at once, we propose to carry
out different convolutions for each group and subgroup of
channels. We used domain knowledge when grouping the
different channels, in order to decide which channels should
be clustered together.

Firstly, we separate the 76 channels into four distinct
groups, such as each group should contain the channels from
one of the manipulators: The first, second, third and fourth
groups correspond to the four manipulators (ML: master left,
MR: master right, SL: slave left and SR: slave right) of the
da Vinci surgical system. Thus, each group assembles 19 of
the total kinematic variables. Next, each group of 19 chan-
nels is divided into five different subgroups each containing
variables that we believe should be semantically clustered
together. For each cluster, the variables are grouped into five
sub-clusters:

First sub-cluster with three variables for the Cartesian

coordinates (x, y, z7);

— Second sub-cluster with three variables for the linear
velocity (x', ¥/, 7');

— Third sub-cluster with three variables for the rotational
velocity (o, B/, y);

— Fourth sub-cluster with nine variables for the rotation
matrix R;

— Fifth sub-cluster with one variable for the gripper angular

velocity (0).

Figure 1 illustrates how the convolutions in the first layer are
different for each subgroup of kinematic variables. Following
the same line of thinking, the convolutions in the second layer
are different for each group of variables (SL, SR, ML and
MR). However, in the third layer, the same filters are applied
for all dimensions (or channels), which corresponds to the
traditional CNN.

@ Springer



1614 International Journal of Computer Assisted Radiology and Surgery (2019) 14:1611-1617

Fig.1 Fully convolutional
network (FCN) for surgical skill
evaluation

kinematic
data

channels

To take advantage from the CAM method while reduc-
ing the number of parameters (weights) in our network, we
employed a global average pooling operation after the last
convolutional layer. In other words, the convolution’s output
(the MTS) will shrink from a length / to 1, while maintaining
the same number of dimensions in the third layer. Without
any sort of validation, we choose the following default hyper-
parameters. We used 8 kernels for the first convolution, and
then we doubled the number of kernels, thus allowing us to
balance the number of parameters for each layer as a function
of its depth. We used ReLU as the nonlinear hidden activa-
tion function for all convolutional layers with a stride of 1
and a kernel length equal to 3.

We fixed our objective loss function to be the categorical
cross-entropy to learn the network’s parameters in an end-to-
end manner for the classification task, and the mean squared
error (MSE) when learning a regressor to predict the OSATS
score, which can be written as:

1 ¢ .
MSE = 3 (¥; = ¥)%. M
i=l1

The network’s weights were optimized using the Adam opti-
mization algorithm [15]. The default value of the learning rate
was fixed to 0.001 as well as the first and second moment esti-
mates were set to 0.9 and 0.999, respectively. We initialized
the weights using Glorot’s uniform initialization [7]. The
network’s parameters were updated with back-propagation
using stochastic gradient descent. We randomly shuffled the
training set before each epoch, whose maximum number was
set to 1000 epochs. We then saved the model at each training
iteration by choosing the network’s state that minimizes the
loss function on a random (non-seen) split from the training
data. This process is also referred to as “model checkpoint”
by the deep learning community [3], allowing us to choose the
best number of epochs based on the validation loss. Finally,
to avoid overfitting, we added an /2 regularization parameter
whose default value was fixed to 107 however, similarly to
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the learning rate, we further discuss the effect of this hyper-
parameter in Sect. 4. For each surgical task, we have trained
a different network, resulting in three different models.! We
adopted for both classification and regression tasks a leave-
one-super-trial-out (LOSO) scheme [1].

The use of a GAP layer allows us to employ the CAM
algorithm, which was originally designed for image classifi-
cation tasks by [23] and later introduced for time-series data
in [22]. Using the latter technique, we are able to highlight
which fractions of the surgical trial contributed highly to the
classification. Let Ay () be the result of the third convolution
which is an MTS with K dimensions (here K is equal to 32
filters (by default) and ¢ denotes the time dimension). Let wj,
be the weight between the output neuron of class ¢ and the
k' filter. Since a GAP layer is used, the input to the output
neuron of class ¢ can be written as z. and the CAM as M,:

Ze =Y wi Y Ap) =) Y wiAr),
k t t ok

Mo(t) =) wi Ag(t). )
k

M., (t) denotes the contribution of each time stamp ¢ when
identifying a class c. Finally, for the regression task, the CAM
can be extended in a trivial manner: Instead of computing
the contribution to a classification, we are computing the
contribution to a certain score prediction (1 out of 6 in total).

Results

The first task, which we have originally tackled in [11], con-
sists in assigning a skill level for an input surgical trial out
of the three possible levels: novice (N), intermediate (I) and
expert (E). In order to compare with current state-of-the-
art techniques, we adopted the micro and macro measures

' Our source code will be publicly available upon the acceptance of the
paper.
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Table 1 Micro, macro and R R .

Spearman’s coefficient p for Method Suturing Needle passing Knot tying

surgical skill evaluation Micro ~ Macro  p Micro ~ Macro  p Micro ~ Macro  p
S-HMM [19] 97.4 n/a n/a 96.2 n/a n/a 94.4 n/a n/a
ApEn [24] 100 n/a 0.59 100 n/a 0.45 99.9 n/a 0.66
Sax-Vsm [4] 89.7 86.7 n/a 96.3 95.8 n/a 61.1 53.3 n/a
CNN [21] 93.4 n/a n/a 89.9 n/a n/a 84.9 n/a n/a
FCN (proposed) 100 100 0.60 100 100 0.57 92.1 93.2 0.65

Bold values indicates the most accurate approach

defined in [1]. The micro measure refers simply to the tra-
ditional accuracy metric. However, the macro takes into
consideration the support of each class in the dataset, which
boils down to computing the precision metric. Table 1 reports
the macro and micro metrics of five different models for the
surgical skill classification of the three tasks: suturing, knot
tying and needle passing. For the proposed FCN model, we
average the accuracy over 40 runs to reduce the bias induced
by the randomness of the optimization algorithm. From these
results, it appears that FCN is much more accurate than the
other approaches with 100% accuracy for the needle-passing
and suturing tasks. As for the knot-tying task, we report
92.1% and 93.2%, respectively, for the micro and macro con-
figurations. When comparing the other four techniques, for
the knot-tying surgical task, FCN exhibits relatively lower
accuracy, which can be explained by the minor difference
between the experts and intermediates for this task: Mean
OSATS score is 17.7 and 17.1 for expert and intermediate,
respectively.

A sparse hidden Markov model (S-HMM) was designed
to classify surgical skills [19]. Although this approach does
leverage the gesture boundaries for training purposes, our
method is much more accurate without the need to manually
segment each surgical trial into finer gestures. [24] introduced
approximate entropy (ApEn) to generate characteristics from
each surgical task, which are later given to a classical nearest
neighbor classifier with a cosine similarity metric. Although
ApEn and FCN achieved state-of-the-art results with 100%
accuracy for the first two surgical tasks, it is still not obvious
how ApEn could be used to give feedback for the trainee after
finishing his/her training session. [4] introduced a sliding
window technique with a discretization method to transform
the MTS into bag of words. To justify their low accuracy,
the authors in [4] insisted on the need to provide explainable
surgical skill evaluation for the trainees. On the other hand,
FCN is equally interpretable yet much more accurate; in
other words, we do not sacrifice accuracy for interpretability.
Finally, [21] designed a CNN whose architecture is depen-
dent on the length of the input time series. This technique
was clearly outperformed by our model which reached bet-
ter accuracy by removing the need to pre-process time series
into equal length thanks to the use of GAP.

In this paper, we extend the application of our FCN
model [11] to the regression task: predicting the OSATS score
for a given input time series. Although the community made
a huge effort toward standardizing the comparison between
different surgical skills evaluation techniques [1], we did
not find any consensus over which evaluation metric should
be adopted when comparing different regression models.
However, [24] proposed the use of Spearman’s correlation
coefficient (denoted by p) to compare their 11 combina-
tion of regression models. The latter is a nonparametric
measure of rank correlation that evaluates how well the rela-
tionship between two distributions can be described by a
monotonic function. In fact, the regression task requires pre-
dicting six target variables; therefore, we compute p for each
target and finally report the corresponding mean over the six
predictions. By adopting the same validation methodology
proposed by [24], we are able to compare our proposed FCN
model to their best performing method. Table 1 reports also
the p values for the three tasks, showing how FCN reaches
higher p values for two out of three tasks. In other words,
the prediction and the ground-truth OSATS score are more
correlated when using FCN than the ApEn-based solution
proposed by [24] for the second task and equally correlated
for the other two tasks.

The CAM technique allows us to visualize which parts
of the trial contributes the most to a skill classification. By
localizing, for example, discriminative behaviors specific to
askill level, observers can start to understand motion patterns
specific to certain class of surgeons. To further improve them-
selves (the novice surgeons), the model, using the CAM’s
result, can pinpoint to the trainees their good/bad motor
behaviors. This would potentially enable novices to achieve
greater performance and eventually become experts.

By generating a heatmap from the CAM, we can see in
Fig. 2 how it is indeed possible to visualize the feedback for
the trainee. In fact, we examine a trial of an expert and novice
surgeon: The expert’s trajectory is illustrated in Fig. 2a, while
the novice’s trajectory is depicted in Fig. 2b. In this exam-
ple, we can see how the model was able to identify which
motion (red subsequence) is the main reason for identifying
a subject as a novice. Concretely, we can easily spot a pat-
tern that is being recognized by the model when outputting
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Fig.2 Using class activation
map (CAM) to provide
explainable classification

X

(a) Suturing task for an expert

Fig.3 Feedback using the
CAM on subject E’s second
knot-tying trial

Truth: 3.0
Prediction: 3.2

(a) Suture/needle handling

the classification of subject H’s skill level: The orange and
red 3D subsequences correspond to same surgical gesture
“pulling suture” and are exhibiting a high influence over the
model’s decision. This feedback could be used to explain to
a young surgeon which movements are classifying him/her
as anovice and which ones are classifying another subject as
an expert. Thus ultimately, this sort of feedback could guide
the novices into becoming experts.

After having shown how our classifier can be interpreted
to provide feedback to the trainees, we now present the
result of applying the same visualization (based on the CAM
algorithm) in order to explain the OSATS score prediction.
Figure 3 depicts the trajectory with its associated heatmaps
for subject E performing the second trial of the knot-tying
task. Figure 3a and 3b illustrates the trajectory’s heatmap,
respectively, for “suture/needle handling” and “quality of the
final product” OSATS score predictions. At first glimpse, one
can see how a prediction that requires focusing on the whole
surgical trial leverages more than one region of the input
surgery—this is depicted by the multiple red subsequences
in Fig. 3b. However, when outputting a rating for a specific
task such as “suture/needle handling,” the model is focusing
on less parts of the input trajectory which is shown in Fig. 3a.
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(b) Suturing task for a novice

contributions when
scoring the quality
of the final product

Truth: 4.0
Prediction: 4.1
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(b) Quality of the final product

Limitations

We would like to first highlight the fact that our feedback
technique would benefit from an extended real use-case val-
idation process, for example verifying with expert surgeons
if indeed the model is able to detect the main reason for
classifying a surgical skill. In addition, the fact that we are
performing only a LOSO setup means that a surgeon should
be present in the training set in order to make a prediction.
However, since only two experts exist in the dataset, this sug-
gests that performing a leave-one-user-out setup would mean
having one expert in the training set. This constitutes a huge
problem originating from the limited dataset size. Therefore,
we finally conclude that our approach should be validated on
a larger dataset.

Conclusion

In this paper, we proposed a novel deep learning-based
method for surgical skills evaluation from kinematic data.
We achieved state-of-the-art accuracy by designing a specific
FCN, while providing explainability that justifies a certain
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skill evaluation, thus allowing us to mitigate the CNN’s
black-box effect. Furthermore, by extending our architecture
we were able to provide new state-of-the-art performance for
predicting the OSATS score from the input kinematic time-
series data. In the future, in order to compensate for the lack of
labeled data, we aim at exploring several regularization tech-
niques such as data augmentation and transfer learning [12]
for time-series data.

Acknowledgements The authors would like to thank the creators of
JIGSAWS, as well as NVIDIA Corporation for the GPU grant and
the Mésocentre of Strasbourg for providing access to the cluster. The
authors would also like to thank the MICCAI 2018 anonymous review-
ers for their fruitful comments that helped us improve the quality of this
manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

1. Ahmidi N, Tao L, Sefati S, Gao Y, Lea C, Haro BB, Zappella L,
Khudanpur S, Vidal R, Hager GD (2017) A dataset and benchmarks
for segmentation and recognition of gestures in robotic surgery.
IEEE Trans Biomed Eng 64(9):2025-2041

2. Bridgewater B, Grayson AD, Jackson M, Brooks N, Grotte GJ,

Keenan DJ, Millner R, Fabri BM, Mark J (2003) Surgeon specific

mortality in adult cardiac surgery: comparison between crude and

risk stratified data. BMJ 327(7405):13-17

Chollet Fea (2015) Keras. https://keras.io

4. Forestier G, Petitjean F, Senin P, Despinoy F, Jannin P (2017)
Discovering discriminative and interpretable patterns for surgical
motion analysis. In: Artificial intelligence in medicine, pp 136-145

5. Forestier G, Petitjean F, Senin P, Despinoy F, Huaulmé A, Ismail
Fawaz H, Weber J, Idoumghar L, Muller PA, Jannin P (2018) Sur-
gical motion analysis using discriminative interpretable patterns.
Artif Intell Med 91:3-11

6. Gao Y, Vedula SS, Reiley CE, Ahmidi N, Varadarajan B, Lin
HC, Tao L, Zappella L, Béjar B, Yuh DD, Chen CCG, Vidal R,
Khudanpur S, Hager GD (2014) The JHU-ISI gesture and skill
assessment working set (JIGSAWS): a surgical activity dataset for
human motion modeling. In: Modeling and monitoring of computer
assisted interventions—MICCAI workshop

7. Glorot X, Bengio Y (2010) Understanding the difficulty of training
deep feedforward neural networks. Int Conf Artif Intell Stat 9:249—
256

8. Hatala R, Cook DA, Brydges R, Hawkins R (2015) Constructing a
validity argument for the objective structured assessment of techni-
cal skills (OSATS): a systematic review of validity evidence. Adv
Health Sci Educ 20(5):1149-1175

bt

9. Intuitive Surgical Sunnyvale CA (2018) The Da Vinci Surgical

System

10. Islam G, Kahol K, Li B, Smith M, Patel VL (2016) Affordable,
web-based surgical skill training and evaluation tool. J Biomed Inf
59:102-114

11. Ismail Fawaz H, Forestier G, Weber J, Idoumghar L, Muller PA
(2018) Evaluating surgical skills from kinematic data using convo-
lutional neural networks. In: International conference on medical
image computing and computer assisted intervention, pp 214-221

12. Ismail Fawaz H, Forestier G, Weber J, Idoumghar L, Muller PA
(2018) Transfer learning for time series classification. In: IEEE
international conference on big data, pp 1367-1376

13. Ismail Fawaz H, Forestier G, Weber J, Idoumghar L, Muller PA
(2019) Deep learning for time series classification: a review. Data
Mining and Knowledge Discovery

14. Kassahun Y, Yu B, Tibebu AT, Stoyanov D, Giannarou S, Metzen
JH, Vander Poorten E (2016) Surgical robotics beyond enhanced
dexterity instrumentation: a survey of machine learning techniques
and their role in intelligent and autonomous surgical actions. Int J
Comput Assist Radiol Surg 11(4):553-568

15. Kingma DP, BaJ (2015) Adam: a method for stochastic optimiza-
tion. In: International conference on learning representations

16. Maier-Hein L, Vedula SS, Speidel S, Navab N, Kikinis R, Park A,
Eisenmann M, Feussner H, Forestier G, Giannarou S, Hashizume
M, Katic D, Kenngott H, Kranzfelder M, Malpani A, Mirz K,
Neumuth T, Padoy N, Pugh C, Schoch N, Stoyanov D, Taylor R,
Wagner M, Hager GD, Jannin P (2017) Surgical data science for
next-generation interventions. Nat Biomed Eng 1(9):691-696

17. Niitsu H, Hirabayashi N, Yoshimitsu M, Mimura T, Taomoto J,
Sugiyama Y, Murakami S, Saeki S, Mukaida H, Takiyama W
(2013) Using the objective structured assessment of technical skills
(OSATS) global rating scale to evaluate the skills of surgical
trainees in the operating room. Surg Today 43(3):271-275

18. Polavarapu HV, Kulaylat A, Sun S, Hamed O (2013) 100 years of
surgical education: the past, present, and future. Bull Am Coll Surg
98(7):22-29

19. Tao L, Elhamifar E, Khudanpur S, Hager GD, Vidal R (2012)
Sparse hidden Markov models for surgical gesture classification
and skill evaluation. In: Information processing in computer-
assisted interventions, pp 167-177

20. Vedula SS, Malpani AO, Tao L, Chen G, Gao Y, Poddar P, Ahmidi
N, Paxton C, Vidal R, Khudanpur S, Hager GD, Chen CCG (2016)
Analysis of the structure of surgical activity for a suturing and
knot-tying task. Public Libr Sci One 11(3):1-14

21. Wang Z, Majewicz Fey A (2018) Deep learning with convolu-
tional neural network for objective skill evaluation in robot-assisted
surgery. Int ] Comput Assist Radiol Surg 13(12):1959-1970

22. Wang Z, Yan W, Oates T (2017) Time series classification from
scratch with deep neural networks: a strong baseline. In: Interna-
tional joint conference on neural networks, pp 1578—1585

23. Zhou B, Khosla A, Lapedriza A, Oliva A, Torralba A (2016)
Learning deep features for discriminative localization. In: IEEE
conference on computer vision and pattern recognition, pp 2921—
2929

24. Zia A, Essal(2018) Automated surgical skill assessment in RMIS
training. Int J Comput Assist Radiol Surg 13(5):731-739

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://keras.io

	Accurate and interpretable evaluation of surgical skills from kinematic data using fully convolutional neural networks
	Abstract
	Introduction
	Background
	Methods
	Results
	Limitations
	Conclusion
	Acknowledgements
	References




