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Abstract

Background Drop foot resulting from degenerative lum-
bar diseases can impair activities of daily living. Therefore,
predictors of recovery of this symptom have been investi-
gated using univariate or/and multivariate analyses.
However, the conclusions have been somewhat contro-
versial. Bayesian network models, which are graphic and
intuitive to the clinician, may facilitate understanding of
the prognosis of drop foot resulting from degenerative
lumbar diseases.

Questions/purposes (1) To show a layered correlation
among predictors of recovery from drop foot resulting from
degenerative lumbar diseases; and (2) to develop support
tools for clinical decisions to treat drop foot resulting from
lumbar degenerative diseases.
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Methods Between 1993 and 2013, we treated 141 patients
with decompressive lumbar spine surgery who presented
with drop foot attributable to degenerative diseases. Of
those, 102 (72%) were included in this retrospective study
because they had drop foot of recent development and had
no diseases develop that affect evaluation of drop foot after
surgery. Specifically, 28 (20%) patients could not be ana-
lyzed because their records were not available at a
minimum of 2 years followup after surgery and 11 (8%)
were lost owing to postoperative conditions that affect the
muscle strength evaluation. Fight candidate variables were
sex, age, herniated soft disc, duration of the neurologic
injury (duration), preoperative tibialis anterior muscle
strength (pretibialis anterior), leg pain, cauda equina syn-
drome, and number of involved levels. Manual muscle
testing was used to assess the tibialis anterior muscle
strength. Drop foot was defined as a tibialis anterior muscle
strength score of less than 3 of 5 (5 = movement against
gravity and full resistance, 4 = movement against gravity
and moderate resistance, 3 = movement against gravity
through full ROM, 3— = movement against gravity through
partial ROM, 2 = movement with gravity eliminated
through full ROM, 1 = slight contraction but no movement,
and 0 = no contraction). The two outcomes of interest were
postoperative tibialis anterior muscle strength (posttibialis
anterior) of 3 or greater and posttibialis anterior strength of
4 or greater at 2 years after surgery. We developed two
separate Bayesian network models with outcomes of
interest for posttibialis anterior strength of 3 or greater and
posttibialis anterior strength of 4 or greater. The two out-
comes correspond to “good” and “excellent” results based
on previous reports, respectively. Direct predictors are
defined as variables that have the tail of the arrow con-
necting the outcome of interest, whereas indirect predictors
are defined as variables that have the tail of the arrow
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connecting either direct predictors or other indirect pre-
dictors that have the tail of the arrow connecting direct
predictors. Sevenfold cross validation and receiver-oper-
ating characteristic (ROC) curve analyses were performed
to evaluate the accuracy and robustness of the Bayesian
network models.

Results Both of our Bayesian network models showed that
weaker muscle power before surgery (pretibialis anterior < 1)
and longer duration of neurologic injury before treatment (>
30days) were associated with a decreased likelihood of return
of function by 2 years. The models for posttibialis anterior
muscle strength of 3 or greater and posttibialis anterior
muscle strength of 4 or greater were the same in terms of the
graphs, showing that the two direct predictors were pretibialis
anterior muscle strength (score < 1 or > 2) and duration (< 30
days or > 30 days). Age, herniated soft disc, and leg pain were
identified as indirect predictors. We developed a decision-
support tool in which the clinician can enter pretibialis
anterior muscle strength and duration, and from this obtain
the probability estimates of posttibialis anterior muscle
strength. The probability estimates of posttibialis anterior
muscle strength of 3 or greater and posttibialis anterior
muscle strength of 4 or greater were 94% and 85%, respec-
tively, in the most-favorable conditions (pretibialis anterior >
2; duration < 30 days) and 18% and 14%, respectively, in the
least-favorable conditions (pretibialis anterior < 1; duration
> 30 days). On the sevenfold cross validation, the area under
the ROC curve yielded means of 0.78 (95% CI, 0.68-0.87)
and 0.74 (95% CI, 0.64-0.84) for posttibialis anterior muscle
strength of 3 or greater and posttibialis anterior muscle
strength of 4 or greater, respectively.

Conclusions The results of this study suggest that the
clinician can understand intuitively the layered correlation
among predictors by Bayesian network models. Based on
the models, the decision-support tool successfully provided
the probability estimates of posttibialis anterior muscle
strength to treat drop foot attributable to lumbar degener-
ative diseases. These models were shown to be robust on
the internal validation but should be externally validated in
other populations.

Level of Evidence Level 111, therapeutic study.

Introduction

Drop foot, which is the inability to dorsiflex the ankle
resulting in a slapping gait pattern, can be caused by
degenerative lumbar diseases. It can affect activities of
daily living and postoperative patient function [29].

In previous studies that investigated predictors of
residual drop foot (such as the duration of drop foot before
surgery, and preoperative weakness of ankle dorsiflexors),
multivariate logistic regression analyses were used to

reinforce the results of univariate analyses [1, 3, 16, 21].
However, logistic regression analyses have several disad-
vantages in terms of interpreting results. Regression
analyses are difficult to describe layered correlations
among predictors if the sample size is not huge [9]. This
means that predictors should be interpreted in parallel. In
addition, they are vulnerable to missing data, which is a
common occurrence in clinical records [11, 24]. Specifi-
cally, studies with relatively small sample sizes may lead to
losing the statistical power.

Bayesian networks have been used in many fields of
medicine [15, 20, 28], and have qualitative and quantitative
aspects. The qualitative aspect provides a graphic map that
is useful for interpreting the interactions among variables
intuitively. The quantitative aspect can estimate the prob-
ability of outcomes. This graphic approach has several
advantages. It enables clinicians to understand intuitively
the layered correlations among predictors with graphs, it
presents prognostic models that are tolerant of missing data
[19], it incorporates all outcomes and covariates in a single
network, and it readily updates network models when new
data are added. To our knowledge, such methodology has
rarely been applied in the field of orthopaedic surgery
[5, 25].

We therefore sought to apply Bayesian networks to
facilitate understanding of the prognosis of drop foot
resulting from degenerative lumbar diseases. Specifically,
we wished (1) to show a layered correlation among pre-
dictors of recovery from drop foot resulting from
degenerative lumbar diseases, and (2) to develop our sup-
port tools for clinical decisions to treat drop foot resulting
from lumbar degenerative diseases.

Patients and Methods

This study was conducted retrospectively. All patients were
informed that clinical data could be used for scientific
purposes according to the regulations of the medical ethics
review board of our hospital, which approved our study.
Additionally, the study complied with the World Medical
Association’s Declaration of Helsinki [30].

Between 1993 and 2013, we treated 141 patients with
decompressive lumbar spine surgery who presented with
drop foot attributable to degenerative diseases. Of those,
102 (72%; 58 men, 44 women) were included in this ret-
rospective study because they had recent development of
drop foot and did not have diseases develop that affect the
evaluation for drop foot after surgery (ie, cervical
myelopathy). Specifically, 28 (20%) patients could not be
analyzed because their records were not available at a
minimum of 2 years followup after surgery and 11 (8%)
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were lost owing to postoperative conditions that affect the
muscle strength evaluation.

Clinical Assessment

Tibialis anterior muscle strength was evaluated using a
manual muscle test according to the Medical Research
Council scale and as described in a previous study (Table 1)
[1]. Drop foot was defined as a tibialis anterior muscle
strength score less than 3 (of 5) [1, 2, 6, 8]. Tibialis anterior
muscle strength was graded as 3- when patients could dor-
siflex and invert their ankles while they were seated but could
not achieve full ROM. If patients had bilateral drop foot, the
weaker side was assessed. All patients underwent a physical
examination immediately before surgery. Patients stayed in
the hospital for approximately 2 to 4 weeks after surgery.
Postoperative evaluations of motor recovery were performed
regularly on an outpatient basis (at 4-6 weeks, 3 months, 6
months, 1 year, 1.5 years, and 2 years postoperatively, and
once per year thereafter), and the results of the latest fol-
lowup were analyzed. All examiners were orthopaedic spine
surgeons (TF, MI, TO, SO, and HA).

Candidate Variables and Outcomes

Eight candidate variables were chosen as predictors for the
recovery of drop foot according to previous reports
[1-3,6,7, 12, 13, 16, 17, 21]. These included: sex; age at
surgery; diagnosis; duration of drop foot before surgery;
preoperative tibialis anterior strength (pretibialis anterior);
leg pain; cauda equina syndrome; and number of involved
levels. Diagnosis was classified in three categories: herni-
ated soft disc; spinal canal stenosis; and isthmic
spondylolisthesis. Cauda equina syndrome was defined as
perineal numbness and/or bowel and bladder dysfunction.
Combined radicular and cauda equina symptoms were
considered cauda equina syndrome.

For our Bayesian network model, continuous variables
were converted into categorical variables (Table 2). Age
at surgery was stratified in three groups (< 40 years, 41—
60 years, and > 61 years) based on a previous study in
which age was identified as an important predictor [6].
The duration of drop foot before surgery was categorized
in two groups (< 30 days and > 30 days) for two reasons.
First, this cutoff value is considered to be useful for
surgical decision-making. Second, using a longer cutoff
value may exacerbate inaccuracies in assessment of the
duration of drop foot before surgery. To simplify inter-
pretation of the results, diagnosis was divided based on
the presence of a herniated soft disc (herniated soft
disc versus spinal canal stenosis and isthmic
spondylolisthesis).

In the current study, there were two outcomes of inter-
est: posttibialis anterior muscle strength (posttibialis
anterior) of 3 or greater and posttibialis anterior muscle
strength of 4 or greater. Posttibialis anterior strength of 3 or
greater was used to access minimal recovery from drop
foot, which corresponds to a “good” outcome, and post-
tibialis anterior strength of 4 or greater was considered an
“excellent” outcome in previous studies [1, 2].

Statistical Analysis
Conventional Statistical Analysis

We used R software version 3.0.2 (R Development Core
Team, Vienna, Austria) for conventional univariate and
multivariate analyses. Statistical significance was set at a
probability less than 0.05. The Mann—Whitney U test was
used to compare clinical data between groups for contin-
uous and ordinal variables. Fisher’s exact test was used to
compare group differences for dichotomous variables.
Multivariate logistic regression analyses were performed
using variables that showed p values less than 0.20 in the
univariate analyses.

Table 1. Manual muscle test of the tibialis anterior muscle according to the Medical Research Council scale of muscle strength [1]

Grade Description
0 No contraction of the tibialis anterior muscle
Slight contraction of the tibialis anterior muscle is observed, but no joint motion of the ankle
2 Patient can invert and dorsiflex the ankle with gravity eliminated through full ROM
3— Patient can dorsiflex and invert the ankle against gravity through partial ROM
3 Patient can dorsiflex and invert the ankle against gravity through full ROM
Patient can dorsiflex and invert the ankle against gravity and moderate resistance
5 Patient can dorsiflex and invert the ankle against gravity and full resistance
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Table 2. Description of the variables included in the Bayesian network

Variable description Node acronym Variable type States description
Sex Sex Discrete Female; male

Age at surgery (years) Age Continuous < 40; 41-60; > 61
Diagnosis Hernia Discrete Yes; no

Duration of drop foot before surgery Duration Continuous < 30; > 31
Pretibialis anterior Pre-TA Discrete Oor1;2or3—

Leg pain Pain Discrete Yes; no

Cauda equina syndrome Cauda equina Discrete Yes; no

Number of involved levels Number of levels Discrete Multiple; single
Posttibialis anterior Post-TA Discrete <3;>3o0r<4;>4

Pretibialis anterior = preoperative tibialis anterior muscle strength; posttibialis anterior = postoperative tibialis anterior muscle strength.

Univariate Analysis

The analyses of posttibialis anterior strength of 3 or greater
and 4 or greater indicated age at surgery (continuous
variable) and the duration of drop foot before surgery
(continuous and discrete variable) were significant negative
predictors. A soft herniated disc and pretibialis anterior
strength were shown to be significant positive predictors. In
addition, analysis of posttibialis anterior strength of 3 or
greater revealed age at surgery (discrete variable) and
number of involved levels were significant negative pre-
dictors (Table 3).

Multivariate Analysis

Multivariate logistic regression analyses revealed three
significant predictors for posttibialis anterior muscle
strength of 3 or greater: pretibialis anterior strength (p <
0.001), duration of drop foot before surgery (p < 0.001),
and age at surgery (p = 0.014) (Table 4). When doing the
same analysis for posttibialis anterior muscle strength of 4
or greater, two predictors were found: pretibialis anterior
strength (p = 0.002), and the duration of drop foot before
surgery (p = 0.001) (Table 4).

Bayesian Network Analysis

A Bayesian network is a directed acyclic graph composed of
nodes and arrows. “Acyclic” means that the graph does not
contain any cycle or loop. These characteristics are neces-
sary for calculating probabilities. Nodes represent random
variables and arrows represent the probabilistic dependence
relationship between connected nodes (ie, A — B means that
A causes B). The Bayesian network has two aspects: quali-
tative and quantitative. The qualitative aspect provides a
straightforward, transparent graphic map to enable clinicians

to interpret the interactions among nodes intuitively. The
quantitative aspect quantifies the degree of relationships by
conditional probability distributions, which configures a
Bayesian network model [18, 22].

The Bayesian network was constructed using the R
package “deal” [4]. All eight candidate variables were
considered. We set the equivalent sample size to five to
achieve a good balance between the smoothing effect of the
uniform prior distribution and accuracy of the model
according to the recommendations of Koller and Friedman
[14]. In the next step, we used the R package “gRain” to
parameterize and perform inference in Bayesian networks
[10]. Before structuring Bayesian networks, all arcs toward
age or sex and all arcs from posttibialis anterior muscle
strength were eliminated based on causality. We trained the
Bayesian network to specify network structures and prior
probability distributions to develop classifiers of estimated
posttibialis anterior muscle strength of 3 or greater and 4 or
greater, respectively. The former model is called the TA3
model and the latter is the TA4 model. As mentioned
above, the two outcomes of interest correspond to “good”
and “excellent” results. Direct predictors are defined as
variables that have the tail of the arrow connecting the
outcome of interest, whereas indirect predictors are defined
as variables that have the tail of the arrow connecting either
direct predictors or other indirect predictors that have the
tail of the arrow connecting direct predictors.

Internal Validation

To assess the predictive accuracy of the final TA3 and TA4
models, we conducted the internal validation in two ways.
First, the evaluation was conducted with the same set of
data used to construct the Bayesian network models.
However, this could have resulted in overestimation of the
true predictive accuracy. Second, we performed sevenfold
cross validation. The value of k in k-fold cross validation
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Table 4. Results of the multivariate logistic regression analyses

Posttibialis anterior muscle strength > 3

Posttibialis anterior muscle strength > 4

Variable p Value Odds ratio 95% CI p Value Odds ratio  95% CI
Sex (men:women) 0.069 5.35 0.88-32.7 0.111 2.48 0.81-7.59
Age at surgery (years); continuous 0.014* 0.92 0.86-0.98 0.081 0.96 0.93-1.004
Diagnosis, hernia:nonhernia 0.650 1.57 0.22-11.2 0.100 3.40 0.79-14.6
Duration of drop foot before surgery (days); continuous < 0.001* 0.97 0.95-0.99 0.001* 0.97 0.96-0.99
Pretibialis anterior O or 1:2 or 3— < 0.001%* 44.5 6.78-292 < 0.001*  6.29 1.96-20.2
Cauda equine syndrome, yes:no 0.793 1.29 0.20-8.45 NA NA NA
Number of involved levels, multiple:single 0.990 1.01 0.14-7.20 0.413 1.79 0.44-7.18

* Significant; pretibialis = preoperative tibialis; posttibialis = postoperative tibialis; NA = not applicable.

100
~ 80
2 Single ®m Multiple
E 60
£
[2]
c 40
Q
©
o m
, —
L1-L2  L2-L3 L3-L4 L4-L5 L5-S L5-L6
Level

Fig. 1 Compromised levels affected in drop foot are shown. The
most frequent single lesion occurred at the L4-L5 level.

was set to seven based on Sturges’ formula [26]. Data were
randomized into seven training sets containing 86% of the
data with seven corresponding test sets containing the
remaining 14%. Each matching set was unique, and there
was no overlap between the independent test sets. A
receiver-operating characteristic (ROC) curve was plotted
to evaluate the predictive accuracy and robustness of the
models. The ROC curve is a graphic plot of sensitivity
versus 1-specificity at all discrimination threshold levels.
The area under the ROC curve (AUC) then was calculated
for each Bayesian network model to assess its overall
accuracy and robustness. To reduce the arbitrariness in the
choice of random number seeds, the AUC values were
averaged by repeating the sevenfold cross validation 100
times. AUC values greater than 0.70 are generally con-
sidered to represent useful performance [27].

The median age of the patients at surgery was 63 years
(interquartile range [IQR], 49-72 years). In terms of
diagnosis, of the patients included, 50 had a herniated soft
disc, 49 had spinal canal stenosis, and three had isthmic
spondylolisthesis. The median duration of drop foot before
surgery was 44 days (IQR, 20-120 days). Pretibialis

anterior muscle strength was graded as 0 or 1 for 36
patients and as 2 or 3— for 66 patients. There were 21
patients who did not report leg pain. Cauda equina syn-
drome was diagnosed in 25 patients. There were multiple
involved levels in 35 patients and a single involved level in
67 patients. Posttibialis anterior muscle strength recovered
to 3 or greater in 63 patients and to 4 or greater in 51
patients, respectively. The median duration of followup
was 30 months (IQR, 2442 months). Drop foot was uni-
lateral in 91 patients and bilateral in 11. Surgical
procedures were performed, including a standard discec-
tomy in 48 patients, bilateral fenestration (laminectomy
with or without discectomy) in 37, posterior lumbar
interbody fusion in 16, and repair of spondylolysis in one.
The most frequent single lesion was at the L4-L5 level
(Fig. 1).

Results
Predictors of Recovery after Drop Foot

The T3 and T4 models, which are graphically the same,
showed that weaker muscle power before surgery (pretib-
ialis anterior strength < 1) and longer duration of
neurologic injury before treatment (> 30 days) were
associated with a decreased likelihood of return of function
by 2 years (Fig. 2). The network showed that two direct
predictors of posttibialis anterior muscle strength are
pretibialis anterior strength (0 or 1; 2 or 3—) and the
duration of drop foot before surgery (< 30 days or > 30
days). In addition, we identified three indirect predictors,
which are age at surgery (< 40 years, 41-60 years, or > 61
years), leg pain, or diagnosis (hernia or nonhernia). These
results do not imply that the three indirect predictors do not
influence the estimate of posttibialis anterior, but rather
that they are not included to calculate the estimate of
posttibialis anterior muscle strength given the information
of the two direct predictors.
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Decision Support Tool for Drop Foot

We developed a decision-support tool in which the clini-
cian can enter pretibialis anterior muscle strength and
duration, and from this obtain the probability estimates of
posttibialis anterior muscle strength. Both models suggest
that the most favorable preoperative condition comprises
the combination of pretibialis anterior strength of 2 or 3—
and duration of drop foot before surgery of 30 days or less.
With this condition combination, the probability estimates
of posttibialis anterior muscle strength were 94% and 85%
for the TA3 and TA4 models, respectively. However, with
the least-favorable condition combination (pretibialis
anterior strength of 0 or 1 and duration of drop foot before
surgery greater than 30 days), the probability estimates of

Cauda Number
Equina of Levels

Pre-TA

Post-TA

Fig. 2 The Bayesian network for the TA3 and TA4 models are
shown. The arrow and bar edges are assigned to positive and negative
correlations, respectively. The probability estimates for posttibialis
anterior muscle strength necessitates direct predictors (posttibialis
anterior muscle strength and duration). Indirect predictors (age,
hernia, and pain) are not necessary for the prediction given the
information of the two direct predictors (Table 5). Pre-TA =
preoperative tibialis anterior muscle strength; post-TA = postopera-
tive tibialis anterior muscle strength; duration = duration of drop foot
before surgery.

posttibialis anterior muscle strength were 18% and 14%,
respectively. All four combinations of the two predictors
can be used in the model to develop an inference table that
estimates posttibialis anterior muscle strength and that can
be used to derive clinical rules (Table 5).

The internal validation using ROC curve analyses with
the same set of data used to construct the Bayesian network
models indicated AUCs of 0.84 (95% CI, 0.73-0.91) and
0.81 (95% CI, 0.73-0.89) in the TA3 and TA4 models,
respectively. On the sevenfold cross validation, AUC
means were 0.78 (95% CI, 0.68-0.87) and 0.74 (95% ClI,
0.64-0.84) in the TA3 and TA4 models, respectively.
These results indicate the accuracy and robustness of both
models.

Discussion

The prognosis of drop foot resulting from degenerative
lumbar diseases has been a topic of interest for spine sur-
geons. Prior work using traditional analytic approaches
(such as multivariate analyses) have suggested that dura-
tion of drop foot before surgery and preoperative motor
weakness [1, 3, 16, 17] may be associated with recovery of
active dorsiflexion after decompressive lumbar spine sur-
gery; however, this is somewhat controversial, since other
studies did not identify one or either of these factors as
important in anticipating a patient’s neurologic recovery
[2, 6, 7, 12, 13, 21]. We believe that those analytic
approaches may not be ideal for this purpose because they
are difficult to describe layered correlations among pre-
dictors, and we believe that Bayesian network analysis,
which is graphic and intuitive to the clinician, may be
better suited to the task because this approach readily
describes the layered correlation among predictors. Using
Bayesian networks, we found that pretibialis anterior
muscle strength and duration of drop foot before surgery
are associated with recovery of motor strength within 2

Table 5. Probability estimates of postoperative tibialis anterior strength of 3 or greater or 4 or greater

Predictors Outcome
Expected frequency (%) Pretibialis anterior Duration  Posttibialis anterior muscle strength  Posttibialis anterior muscle strength
(actual frequency) muscle strength (days) > 3 (%) (actual rate) > 4 (%) (actual rate)
304 (314, n=32) 2 or3— <30 93.5 (96.9 = 31/32) 84.8 (87.5 = 28/32)
33.0 (333, n=34) 2 or 3— > 30 61.0 (61.7 = 21/34) 41.8 (41.2 = 14/34)
16.3 (14.7, n = 15) Oorl <30 52.9 (53.3 = 8/15) 47.1 (46.7 = 7/15)
20.3 (20.6, n = 21) Oorl > 30 18.1 (14.3 = 3/21) 13.8 (9.5 = 2/21)

Pretibialis anterior = preoperative tibialis anterior muscle strength; duration = duration of drop foot before surgery; posttibialis anterior =
postoperative tibialis anterior muscle strength. The clinician can enter pretibialis anterior and duration in this decision-support tool and obtain the

probability estimates of posttibialis anterior muscle strength.
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years of decompressive lumbar surgery in patients who
presented with drop foot.

This study has several limitations. First, the Bayesian
network models constructed in this study were internally
validated with sevenfold cross validation, but external
validation will be necessary in other patient populations in
future studies. Second, the selection bias that is inherent in
retrospective studies may have had some effect on the
outcomes and a prospective study is ideal, but we thought
the sufficient statistical power is important in overcoming
the relative rarity of drop foot. Third, in this retrospective
study, the possibility of assessment bias in manual muscle
testing exists. However, all examiners were trained at the
same institute and were considered to share the same
standards for assessing muscle strength. In addition,
pretibialis anterior muscle strength was categorized in two
scores (< 1 or > 2). This categorization may lessen the
effect of assessment bias. Fourth, 28 patients (20%) were
lost to followup owing to unavailable records and 11 (8%)
were lost owing to postoperative conditions that affect the
muscle strength evaluation. This followup rate (72%) is
considered acceptable as a retrospective study. Finally, age
and the duration of drop foot before surgery were catego-
rized for Bayesian network analyses because they did not
show a normal distribution. In some conditions, the cate-
gorization of variables may lead to loss of information, but
this study showed sufficient robustness in the Bayesian
network models. Moreover, the probability estimates of
posttibialis anterior muscle strength using categorical data
of the two predictors is practical for clinical use.

Predictors for residual drop foot in previous studies are
varied, but the two main predictors have been preoperative
motor weakness [1, 3, 6, 12, 16, 17, 21] and the duration of
drop foot before surgery [2, 3, 7, 16, 17]. The former
corresponds to pretibialis anterior muscle strength in the
current study. Other predictors are age at surgery [6, 7, 16],
herniated soft disc [7, 12, 13], and involvement of a single
level [7]. In the current study, the two main predictors
(pretibialis anterior strength and the duration of drop foot
before surgery) were confirmed by the Bayesian network
models as direct predictors. However, a herniated soft disc
was found to influence the duration of drop foot before
surgery directly, which in turn influenced posttibialis
anterior strength. Similarly, age at surgery was an indirect
predictor influencing posttibialis anterior strength through
a herniated soft disc, leg pain, and the duration of drop foot
before surgery. A herniated soft disc and age at surgery
were shown to be indirect predictors influencing the out-
come of interest through other predictors (Fig. 2). Using
these direct and indirect predictors in parallel can lead to an
overfitting model. Actually we performed the multivariate
logistic regression analyses using the same cohort
(Table 4). These results were similar compared with the

Bayesian network models. However, in the analysis for
posttibialis anterior strength of 3 or greater, age, pretibialis
anterior strength, and duration of drop foot before surgery
were significant predictors. The three variables were par-
allel as predictors in the multivariate logistic analysis, but
the Bayesian network model successfully avoided overfit-
ting with intuitive, understandable graphs and provided the
layered correlation between these variables, showing that
age was an indirect predictor.

We developed a decision-support tool to provide the
probability estimates for posttibialis anterior strength of 3
or greater and 4 or greater, respectively. The readers may
use this tool by entering pretibialis anterior strength and
duration. Urgent surgery is indicated for progressive
weakness of the lower limbs resulting from degenerative
lumbar diseases, but the precise timing for surgery has not
been established [23]. There are two purposes for devel-
oping a support tool for decision-making regarding surgical
treatment of drop foot resulting from degenerative lumbar
diseases. First, the probability estimates for posttibialis
anterior strength can assist physicians in case-specific
predictions. Second, the support tools may be useful for
patients and physicians making a shared decision regarding
surgery. A remarkable merit of a Bayesian network is that
it enables these probability estimates to be updated after
adding new clinical data.

The results of this study suggest that the clinician can
understand intuitively the layered correlation among pre-
dictors by Bayesian network models. Based on the models,
the decision-support tool successfully provides the proba-
bility estimates of posttibialis anterior muscle strength to
treat drop foot attributable to lumbar degenerative diseases.
These models were shown to be robust on internal validation
but should be externally validated in other populations.
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