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Abstract Background: Despite a lot of research into patient selection, a significant number of patients fail to
benefit from surgery for symptomatic lumbar disk herniation. We have used Fuzzy Logic-based
fuzzy inference system (FIS) for identifying patients unlikely to improve after disk surgery and
explored FIS as a tool for surgical outcome prediction.

Methods: Data of 501 patients were retrospectively reviewed for 54 independent variables. Sixteen
variables were short-listed based on heuristics and were further classified into memberships with
degrees of membership within each. A set of 11 rules was formed, and the rule base used individual
membership degrees and their values mapped from the membership functions to perform Boolean
Logical inference for a particular set of inputs. For each rule, a decision bar was generated that, when
combined with the other rules in a similar way, constituted a decision surface. The FIS decisions
were then based on calculating the centroid for the resulting decision surfaces and thresholding of
actual centroid values. The results of FIS were then compared with eventual postoperative patient
outcomes based on clinical follow-ups at 6 months to evaluate FIS as a predictor of poor outcome.
Results: Fuzzy inference system has a sensitivity of 88% and specificity of 86% in the prediction of
patients most likely to have poor outcome after lumbosacral miscrodiskectomy. The test thus has a
positive predictive value of 0.36 and a negative predictive value of 0.98.

Conclusion: Fuzzy inference system is a sensitive method of predicting patients who will fail to
improve with surgical intervention.

© 2009 Elsevier Inc. All rights reserved.

Keywords: Disk herniation; Microdiskectomy; Outcome prediction

1. Introduction however, despite better understanding of pathologic
condition, improvements in radiologic imaging, and
microsurgical techniques, a proportion of patients still
fail to improve after disk surgeries that according to
different researchers vary from 20% to 40% of patients
[1,4,8,10,15,16,28,33,34,57,63]. A number of techniques
have been tried to predict this group of patients
including psychosomatic scoring systems and others

Microdiskectomy for intervertebral disk herniations is
among the commonest neurosurgical procedures with good
to excellent outcomes reported in up to 90% of patients;

Abbreviations: FDS, failed disk surgery; FIS, fuzzy inference system;
TMEF, triangular membership functions.
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retrospectively on 54 different patient-related independent
variables, validating it with their eventual postoperative
outcomes, so as to establish whether this method can
effectively predict patients most likely to have poor
outcomes after disk surgery.

2. Materials and methods
2.1. Data collection

The study was conducted at the Aga Khan University
Hospital (Karachi, Pakistan) using medical records of
patients operated from January 2001 to January 2006—a
total duration of 5 years. We studied 501 consecutive patients
who underwent single or multiple level posterior micro-
diskectomy for lumbosacral intervertebral disk herniations
after at least 8 weeks of conservative management. Patients
with concomitant spinal or foraminal stenosis who under-
went decompressive procedures other than diskectomy and
patients who underwent fusion were excluded from the
study. Data were collected on a standardized 2-page
proforma having section for patient’s demographics, pre-
senting features, physical examination, radiographic infor-
mation, details of presurgical conservative management,
surgical procedure, postoperative course, and follow-ups. A
total of 54 independent variables identified from literature
that might influence the outcome of surgery were hence
collected and computed on Statistical Package for Social
Sciences (SPSS) version 13.0 (SPSS Inc, Chicago, Ill). For
the purpose of our study, we considered any patient showing
no postoperative improvement or worsening in preoperative
symptoms to have had a poor outcome (Table 1). We chose
to call this condition failed disk surgery as opposed to the
widely accepted term of failed back surgery because we only
included patients who underwent diskectomy as the
procedure to decompress the nerve. All patients with “failed
disk surgery” were grouped under the variable “FDS,” which
was the only dependent variable.

2.2. Application of FIS

The 54 variables served as a master list, and out of these
variables, the coinvestigator (SAE) short-listed 16 indepen-
dent variables that he considered important risk factors for
FDS (Table 2). Some of these variables are known risk
factors for FDS; others were selected based entirely on the
coinvestigator’s 17 years of clinical experience in neurosur-
gery. Selection bias was controlled as the coinvestigator was

Table 1
Improvement with surgery
None Some Complete Worsening
n 81 99 360 5
Yo 7 20 72 1

Shaded boxes indicates “FDS.”

Table 2
Input Memberships

Gender

Epidural steroid Duration of

injection nonoperative
treatment

Body mass index Intraoperative
complications
Operating surgeon

Duration of symptoms

Emergency or
elective surgery
Operative time
Post op
complications
Site, extent of disc —

on MRI

Previous spine surgery -

Occupation type
Marital status

Oral steroids

Multilevel disease

blinded to the results of audit. These 16 variables or “inputs”
served as the template for all further analysis and were
classified further into memberships with 3 degrees of
membership within each one of them. The degrees were
also assigned based on the heuristics of SAE and were
grouped as they were relatively graded with respect to its
association within that membership. For instance, if SAE
considered duration of symptoms as a significant predictor of
FDS, “duration of symptoms” would be considered an
“input.” For this particular input membership, the degrees
were “short,” “medium,” and “long” and were analyzed as
such (it may be noticed here that the investigator was not
asked to define short, medium, or long). As stated earlier, the
selection of these degrees is entirely dependent upon the
heuristics of the physicians. Thus, for any new input value, a
particular membership degree will be assigned with an
underlying mapping value from its membership function
graph (a set of triangular functions). A set of 11 rules was
thus formed based entirely on physician’s heuristics. This
rule base used the membership degrees and their underlying
values mapped from the membership functions to perform
Boolean Logical inference for a particular set of inputs. For
each rule, a decision bar was generated that, when combined
with the other rules in a similar way, constituted a decision
surface. The actual values of the features were calculated
using custom routines written in Matlab version 7 (The
MathWorks, Inc, Natick, MA, USA) and provided a range of
values for each parameter for each class. The output variable
correspond to the FDS risk class for which 3 evenly
distributed triangular distributions memberships were
selected corresponding to “very low risk,” “low risk,” and
“high risk.” The triangular membership functions (TMF)
were then used with 3 memberships defined as very low risk,
low risk, and high risk depending upon the risk of
developing postoperative FDS. The memberships were
defined as very low risk, if full TMF was between —40%
and 40% with center based at 0%; low risk,” if full TMF was
between 10% and 90% with center based at 50%; and high
risk, if full TMF was between 60% and 140% with center
based at 100%.

The FIS decisions were based on 2 steps: (a) calculating
the centroid for the resulting decision surfaces and (b)
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Fig. 1. Example of subset decision surfaces.

thresholding of actual centroid values above 0.6 to 1. This
corresponded to the actual dataset convention where 1 was
used to represent the high-risk FDS cases. The results of
FIS were then compared with eventual postoperative
patient outcomes based on clinical follow-ups. This was
done at mean follow-up of 6 months to calculate the
sensitivity and specificity of FIS as a predictor of FDS. The
resulting decision surfaces are 16 x 16 dimensional and
cannot be displayed as one hypersurface; however, some
subset decision surfaces can be plotted and are shown in
Figs. 1 and 2.
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3. Results
3.1. Patient profile

Mean age of our patients was 41 years that is also the
mean age reported in most of the literature. There were 345
male patients (69%) and 146 female patients (31%)—a
difference in proportion previously unreported. Mean body
mass index of our patients was 26 and was significantly
higher in the female patient group. Various details about our
patient population are mentioned in Table 2. Of our patients,
96% had good functional status preoperatively. Fifty-one

Fig. 2. Example of subset decision surfaces.
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Table 3
Result of FIS-based predictions

True

False

FIS’ predicted outcome Actual positive
(FDS/bad outcome patients), 42
Actual negative

(good outcome patients), 459

Sensitivity, 88%

True-positive, 37

False-negative, 5

False-positive, 65 Positive predictive value, 0.36

True-negative, 394 Negative predictive value, 0.98

Specificity, 86%

(10%) of our patients have had previous surgery to their
spine. The mean duration of symptoms was 400 days
although 80% of patients had symptoms for 3 to 12 months.
The various forms of modalities used for pain control in
these patients, and their response is shown in tables. Of the
patients, 84% were operated by the neurosurgeons and the
rest by orthopedic surgeons. Of our patients, 88% were
operated at single level and rest at multiple levels. Of
patients, 60% had disk prolapse at L4-5 level and 44% at L5-
S1. Forty-two patients did not show improvement or
expressed worsening of their symptoms after surgery giving
8% incidence of FDS. Of these, 26 (5%) had to be
reoperated, and their symptoms started to improve slowly.
The rest of patients were managed conservatively, and these
also showed some improvement with time. Patients were
observed for mean duration of 48 weeks.

3.2. Results of FIS-based predictions

The FIS classification was able to correctly identify 37 of
the eventual 42 patients who had FDS, as high risk, that is,
true-positives. Five patients who eventually had FDS were
not identified by FIS and were incorrectly classified as low
risk, that is, false-negatives. Of the 459 patients who
eventually had good surgical outcomes, 394 were correctly
identified by FIS as low risk, that is, true-negative. Of these
459 patients, 65 were incorrectly identified by FIS as high
risk, that is, false-positive. By standard statistical formulas,
we can therefore calculate that FIS has a sensitivity of 88%
and specificity of 86% in the prediction of patients most
likely to have poor outcome after lumbosacral miscrodis-
kectomy. The test thus has a positive predictive value of 0.36
and a negative predictive value of 0.98 (Table 3).

4. Discussion

Fuzzy inference system has been developed using
Matlab’s Fuzzy Logic tool box. The idea of Fuzzy Logic
was introduced by an engineer and systems scientist Lotfi
Zadeh [64] almost 4 decades ago and has grown in
popularity in academic as well as research communities
since then. Its introduction to medicine is difficult to trace;
however, a review published 5 years back showed an
increase in Fuzzy Logic-related medical publications from
just 2 to 175, for 10 years [59]. A search generated on
Medline at the time of writing this article using “Fuzzy

Logic” as keywords reveals more than 1600 search results.
Sproule et al [58] defined Fuzzy Logic as “the science of
reasoning, thinking, and inference that recognizes and uses
the real world phenomenon that everything is a matter of
degree.” It may be considered an extension of binary logic
theory that does not require crisp definitions and distinctions.
Previously all medical data were analyzed using probability-
based statistical methods that invariably worked on the
principles of yes-no, have-have not, true-false, or black-
white. These are based on the Aristotelian logic of the
excluded middle. Real life in general and medicine in
particular has very little that can be classified as entirely
black and white, mostly it is gray, and that too in its varying
shades [35]. The Bayesian statistics approach or the basis of
Fuzzy Logic holds that “contingent probability” or “plausi-
bility” that involves recognition of intermediate logical
values is more appropriate to medical science.

Fuzzy Logic associates degrees of memberships to the
values within a subset of likely possibilities instead of a hard
yes-no type decision and then uses this concept in a
computationally effective manner. Adapting from an exam-
ple given by Torres and Nieto [59] using the definition of
health, if we state that a person is healthy, does having a
broken nail make this statement true, and would it be false if
he had terminal cancer? Everybody is healthy to some degree
“h” and ill to some degree “i.” So if the person is totally
healthy, h =1 and i = 0, this would be Aristotelian logic, but
Fuzzy Logic would introduce further subdivisions such as if
the person is ill, h < 0 and i > 0. In different situations, if the
patient is dead, h = 0 and i = 1; in case of an inoperable
advanced high-grade glioma, h =0.05 and i = 0.95; in case of
an acute subdural hematoma, h = 0.4 and i = 0.6; and in case
of a broken nail only, h = 0.999 and i = 0.001. Instead of
assuming that everything must be defined crisply into black
and white that is the binary view, the fuzzy view holds that
most things in the world fall somewhere in between black and
white, that is in varying shades of gray, and should be
analyzed as such. So any diagnosis, with perhaps the
exception of “death,” is not absolute and can be expressed
within a probability between 0 and 1, that is, between
certainly present and certainly absent. Therefore, a patient
with 0.2 is more likely not to have the disease and another
with 0.9 is more likely to have the disease and similarly a
patient with 0.7 is also likely to have the disease but not as
much as the patient with 0.9. Such an approach seems more
suited to the medical profession. Interestingly, the human
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brain operates on similar principle. For instance, the under-
standing of coffee temperature by a human observer could be
described by degrees such a “cold,” “warm,” “hot,” “normal,”
or even to such extent as “slightly hotter than warm yet
slightly cooler than hot,” something that the computer
operating upon binary principles would not understand
unless expressed in exact numeric values. Grossi [18] has
also expressed another interesting concept and points out the
distinction between Fuzzy Logic and probability. Both
operate over the same numeric range, for example, 0.0
representing false and 1.0 representing true, at the 2 extremes;
however, the difference in interpretation is significant. If
applied to a person’s age for instance, a value of 8.0 from the
probabilistic approach would translate as an 80% chance of a
person being old, whereas the fuzzy terminology would mean
the person’s degree of membership within the set of old
people is 0.80. In nonmathematical terms, the first view
supposes that the person is or is not old; it is just that we only
have an 80% chance of knowing which set he is in. By
contrast, fuzzy terminology supposes that person is “more or
less” old, and in the specific example, the “fuzzy degree” of
membership corresponds to the value of 0.80.

We used Fuzzy Logic for the prediction of outcomes in
patients undergoing lumbar microdiskectomy. Besides being
used by a number of medical researchers, Fuzzy Logic has
also been used specifically for prediction of outcomes
[19,35,46,59]. It was found to be superior to logistic
regression and classification trees in the prediction of
lymph node metastasis in carcinoma tongue [51] and was
also found to be sensitive in the prediction of postoperative
infection after gastric cancer surgery; detection and progres-
sion in visceral malignancies [30,50]; prediction of morbid-
ity after lung resection [48]; in breast and prostate cancer
[52]; prediction of bleeding after ear, nose, and throat
procedures [44]; and others. The first mention of Fuzzy
Logic in neurosurgical text was in Surgical Neurology in
2001 by Jobe et al [23] in an article that was preceded by a
full page of author’s introductory note. Today, it is being
applied in various neuroscience-related areas with good
results. It is being used in the neurosurgical intensive care
[22,47,55], for brain and lesion volume estimation [6,39,45],
interpretation of functional magnetic resonance imaging
[36], for diagnosing glial tumors [5], for planning of deep
brain stimulation [62], in visualizing nerve fibers in the
human brain [2], while studying chronic spinal cord injury
[17], stroke [14,20,21,24], scoliosis surgery [40], and in
planning radiation therapy [43].

Microdiskectomy for intervertebral disk herniations is
among the commonest neurosurgical procedures with good
to excellent outcomes reported in up to 90% of patients;
however, it has also been reported that up to 20% to 40%
patients continue to have their preoperative symptoms
[1,4,8,10,15,16,28,33,34,57,63]. It is this group of patients
who fail to improve after surgery that have aroused
researchers and are also the subject of our research. Various
prognostic indicators have been suggested to identify these

patients preoperatively, which include duration of symptoms
[41,42], smoking [13], duration of sick leave [56],
preoperative functional status [56], lack of physical exercise
[29], lifestyle [13], Lesegue sign [32], psychologic or
behavioral factors [12,25,26,29,37,38,49,60,61], type of
herniations [7,8,13,31], postoperative SLR [27], and intrao-
perative complications [3], among others. Most of these
researchers have used multivariate logistic regression
analysis, which on the basis of retrospective or prospective
data is able to identify 1 or 2 predictive indicators; as a result,
it has limited clinical applications. We believe that the
multivariate logistic regression is inferior to Fuzzy Logic as
although it does incorporate all the positive causal relation-
ships, it fails to incorporate the negative causal relationships
in the final analysis. Fuzzy Logic incorporates all of this
information as well as the positive predictors suggested by
human heuristics into formal rule bases that analyzes the data
as such. The multivariate is also limited by its inability to
analyze the degree of causal relationships, which is the
essence of using the FIS. We have used the FIS applying it on
a large number of patients and including most of the
previously identified risk factors as well as those that we
thought would predict the outcome and are reporting 88%
sensitivity and 86% specificity, which is comparable to other
multivariate done previously. According to our results, FIS
generally overestimated the high-risk patients that, in our
opinion, are preferable to underestimation. An overestima-
tion of high-risk patients is acceptable in case of a benign
disease such as disk prolapse where nonoperative manage-
ment and close observation are practical options with little
risk. Such an overestimation may not be acceptable in case of
a more sinister surgical pathologic condition, where delay in
surgery poses high risks of dire consequences.

The selection of input memberships also merits some
discussion. Some of the variables are known predictors of
FDS, but others have been short-listed entirely upon the
coinvestigator’s personal experience. For example, even if
most published articles have not shown patients’ gender or
preoperative use of oral steroids to be a predictor of FDS, but
the coinvestigator “thinks” they may be important factors,
these are selected. On the other hand, if a certain population
does not have litigation-related issues, there is no point in
including them in the input memberships regardless of what
the literature suggests. This may seem contrary to the
principles of evidence-based medicine, but 4 decades of
experience with Fuzzy Logic has proven that the mathe-
matics actually works. In fact, such a selection process turns
out to be superior to conventional methods as it also
incorporates variables specific to a certain population,
instead of blindly following literature published after
analyzing patient populations dissimilar to one’s own.

It may also be argued that the current analysis was done
on one clinician’s heuristics, and perhaps the results may be
better if another more experienced clinician was to select
input memberships. We believe that seasoned clinicians are
likely to select mostly similar input memberships—those
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that are either proven by literature or are generally known to
be predictors of FDS. The difference in input memberships
would be only those related to their cultural specificities. The
mathematics of Fuzzy Logic is such that dissimilar input
memberships that are not clinically significant would not
alter the sensitivity of the test, for a given population, but
would give different results if applied to different popula-
tions with variable demographics. This is also evident as
most clinical studies have suggested different predictors of
FDS, suggesting that there may be some cultural variation to
this factor; therefore, in our opinion, including input
memberships based on a clinician’s personal experience
with that specific population to the already known predictors
adds to the sensitivity of the test for that patient population.
One set of input memberships cannot be standardized for
different patient populations with their own cultural hetero-
geneities. On the other hand, if our input memberships were
to be applied on the data of another center within our own
city, it is likely to express exact results.

We believe that the mathematics can be used during
outpatient consultations to aid in decision making. The
procedure is extremely simple, and all that the clinician is
required to do is to select the variables for a particular patient
from an available list on a computer-based program. The
software that already has previously stored input member-
ships for that specific population runs the selected variables
and comes up with the statistics within seconds. Such a
methodology has an added advantage that even residents and
junior clinicians can independently make decisions, based
essentially on senior clinician’s experience and are just as
precise. We would add that this only adds to the clinical
judgment and unless validated to be a hundred percent
sensitive and specific for a certain population can give
erroneous results—a weakness common to almost every
diagnostic test known to man.

There are a few weaknesses of our study. One is that the
data were retrospectively collected, and although the
introduction of thorough clinical pathways has resulted in
detailed patient information, we were still not able evaluate
certain variables recently shown to affect outcome such as
annular competence [7]. We also did not get a formal
psychologic workup of our patients unless indicated by a
suggestive history. This has been suggested by a few authors
but to us seems overinvestigating our patients. We offer
surgical decompression in the presence of convincing
history, physical findings, radiologic evidence, and failure
to improve after a trial of 8 weeks of conservative
management. Secondly, psychosocial, litigation, and work-
man’s compensation issues have much less significance in
our country and therefore unlikely to influence outcomes in
our patients and hence did not appear to be a likely predictor
of FDS in our experience. There are also a few other cultural
dissimilarities between our patient population and that
reported in most published literature. One is the higher
proportion of male patients that is not unusual as a lot of
reported literature from our country has shown a male

predominance even in diseases not known to have sex
preferences. This has been previously explained on the
presumption that the male in our society are more likely to
seek medical attention as compared to females who mostly
stay at home [9,53,54]. The other difference is the high mean
body mass index that is unusual as the study comes from an
underprivileged country. We do not recommend that our rule
bases be applied on other patient populations unless
validated by their own dataset, rule bases, and outcomes.

5. Conclusion

Fuzzy inference system is a sensitive method of
predicting patients who will fail to improve with surgical
intervention. We have used the FIS applying it on a large
number of patients and including most of the previously
identified risk factors as well as those that we thought would
predict the outcome. Our study suggests that FIS has 88%
sensitivity and 86% specificity in the prediction of patients
likely to have poor outcomes after disk surgery. Although we
have used a fairly large patient population, the results are
based on our own dataset and because of slight demographic
differences may only apply to our population unless
validated by other centers.
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Commentary

The authors have presented an interesting clinical
application of Fuzzy Logic to the problem of selecting
patients for lumbar diskectomy. Although the method cannot
substitute for clinical judgment, it certainly can be used as a
tool for teaching residents and junior surgeons how to select
patients. The use of Fuzzy Logic in other clinical problems
has been well discussed by the authors, and they present a
good simplification of the mathematics that most clinicians
likely can appreciate.

I would encourage the authors to continue to improve
their technique and to use it to help understand why some
clinicians are better judges of potential outcome than others.

Phillip Dickey, MD
Yale School of Medicine
New Haven, Conn 06510
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