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1  |   INTRODUCTION

Studies of epilepsy surgery often aim to identify predic-
tors of a good outcome to help guide treatment. However, 
most studies treat seizure outcome as a binary variable of 

seizure freedom (Engel I) or not, which ignores the dif-
ference between rare disabling seizures (Engel II), worth-
while improvement in seizure frequency (Engel III), 
and no worthwhile improvement (Engel IV).1 We argue 
that the distinction between rare seizures and frequent 
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Abstract
Studies of epilepsy surgery outcomes are often small and thus underpowered to 
reach statistically valid conclusions. We hypothesized that ordinal logistic regres-
sion would have greater statistical power than binary logistic regression when 
analyzing epilepsy surgery outcomes. We reviewed 10 manuscripts included in a 
recent meta-analysis which found that mesial temporal sclerosis (MTS) predicted 
better surgical outcomes after a stereotactic laser amygdalohippocampectomy 
(SLAH). We extracted data from 239 patients from eight studies that reported 
four discrete Engel surgical outcomes after SLAH, stratified by the presence or 
absence of MTS. The rate of freedom from disabling seizures (Engel I) was 64.3% 
(110/171) for patients with MTS compared to 44.1% (30/68) without MTS. The 
statistical power to detect MTS as a predictor for better surgical outcome after 
a SLAH was 29% using ordinal regression, which was significantly more than 
the 13% power using binary logistic regression (paired t-test, P < .001). Only 120 
patients are needed for this example to achieve 80% power to detect MTS as a 
predictor using ordinal regression, compared to 210 patients that are needed to 
achieve 80% power using binary logistic regression. Ordinal regression should be 
considered when analyzing ordinal outcomes (such as Engel surgical outcomes), 
especially for datasets with small sample sizes.
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disabling seizures is clinically meaningful to our patients, 
and therefore statistical analysis should harness the full 
range of possible outcomes.

We propose using ordinal logistic regression rather than 
traditional binary logistic regression, as the Engel surgical 
outcome is an ordinal scale. Relying on seizure freedom as 
a primary outcome amounts to comparing Engel I vs Engel 
II-IV. There are two additional dichotomous categoriza-
tions: Engel I-II vs Engel III-VI and Engel I-III vs Engel IV. 
Rather than fit three individual binary regressions, ordinal 
regression fits three separate intercepts and a common, 
pooled odds ratio.2 This proportional odds assumption im-
plies the odds ratios are similar between the three compar-
isons, though non-proportional odds can also be assumed.

It has been shown that binarizing an ordinal categori-
cal outcome can lead to a reduction in statistical power in 
some settings.3 We hypothesize that ordinal logistic regres-
sion using full Engel outcomes, by discarding less outcome 
information, will have significantly more statistical power 
than binary logistic regression. We test this hypothesis 
using the problem of predicting surgical outcomes after 
stereotactic laser amygdalohippocampectomy (SLAH). 
A recent meta-analysis of 10 studies found that the pres-
ence of mesial temporal sclerosis (MTS) predicted a better 
chance (63% vs 42%) of seizure freedom after SLAH when 
MTS was present than when absent.4 However, most indi-
vidual studies did not detect this effect, as their low sample 
size limited statistical power. We specifically hypothesize 
that using ordinal logistic regression we will meaningfully 
increase the statistical power to detect the known relation 
between MTS and seizure outcome in each study.

2  |   METHODS

2.1  |  Data sources

We make use of data from a recently published meta-
analysis that included 10 studies and analyzed the outcome 
of seizures freedom as a function of the exposure of the 
presence or absence of MTS (full details can be found in 
the original manuscript).4 The included studies were ret-
rospective cohort studies comparing the association of the 
exposure of mesial temporal sclerosis with the outcome of 
Engel class after surgery. We reviewed the original manu-
scripts and found eight studies that reported raw counts of 
patients for each of the four discrete Engel outcomes, strati-
fied by the presence or absence of MTS.5–12 We excluded 
one paper because it used an alternative seizure outcome 
scale and another because it grouped together with the clas-
sification of Engel II-IV. This study is thus a meta-analysis 
of publicly available, published studies that were approved 
by their local Institutional Review Board or its equivalent.

2.2  |  Logistic regression

For each study, we converted the count data into an in-
dependent vector with the presence (1) or absence (0) of 
MTS, and dependent vectors of seizure freedom (1) or 
not (2), or the full Engel outcomes (1–4). We performed 
binary logistic regression and ordinal logistic regression 
on the dependent vectors of seizure freedom or Engel out-
come, respectively. We report the p-value for the log-odds 
(or slope) coefficient. Both the binary and ordinal regres-
sion were performed using the Matlab function mnrfit in 
MATLAB (version R2016b, Mathworks) using the ordinal 
model. The proportional odds assumption is made by set-
ting interactions to "off", while the non-proportional odds 
assumption is made by setting interactions to "on". When 
this function is supplied as a vector with two outcomes, 
it provides the same results as binary logistic regression.

To ensure our results were not sensitive to the assump-
tion of proportional odds, we compared this assumption to 
non-proportional odds. The latter model has 6 parameters, 
with a separate slope and intercept for each comparison 
(Engel I vs II-VI, I-II vs III-VI, and I-III vs IV). In practice, 
the estimated probabilities from this model are equivalent 
to the observed percentages. We then use the likelihood-
ratio test to evaluate whether any of the slopes are non-
zero. The null hypothesis is that the percentage of patients 
with each Engel outcome is equal to the result obtained 
when both groups are combined. The alternative is the 
observed percentage in each Engel outcome for each pre-
dictor group separately (MTS or non-MTS). The likelihood 
ratio test statistic (see Equation 1) follows a chi-square dis-
tribution with 3 degrees of freedom (the difference in the 
number of parameters of the two models).

We also used the likelihood ratio test to compare the 
fit to the raw data of the proportional vs non-proportional 
odds models. Here, the null hypothesis (proportional) is 
defined by 4 parameters (3 slopes and 1 common slope), 
and the alternative hypothesis (non-proportional) is again 
defined by 6 parameters. The likelihood ratio test statistic 
follows a chi-square distribution with 2 degrees of freedom.

2.3  |  Power analysis

We pooled the count data across the eight studies to com-
pute an empiric distribution of the probability of each 
Engel outcome in the presence or absence of MTS. We 
performed a power analysis by simulating binomial count 
data, using the empiric probability distribution and the 

(1)

LR = − 2
[

log (likelihood (Null)) − log (likelihood (Alternative))
]
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count data of patients with or without MTS from each 
study. We performed a bootstrap simulation with 10 000 
repetitions and report the power as the percentage of rep-
etitions where the logistic regression (binary or ordinal, 
with proportional or non-proportional odds), and reported 
a P-value as significant for a log-odds coefficient <.05.

3  |   RESULTS

3.1  |  Seizure outcomes

The raw and pooled count data are summarized below 
(Table 1). Across the eight studies, 72% (171/239) of pa-
tients had MTS and 28% (68/239) did not. The rate of free-
dom from disabling seizures (Engel I) was 64% (110/171) 
for patients with MTS compared to 44% (30/68) without 
MTS. These results are similar to those from the meta-
analysis (63% vs 42%), which included 10 studies.4

A comparison of the observed distribution of Engel 
outcomes to that predicted by ordinal regression is shown, 
stratified by the presence or absence of MTS (Figure 1). 
The pooled odds ratio assumption means the predicted 
difference in Engel I for MTS or not (65% vs 39%) is slightly 
higher than observed (64% vs 44%), but the predicted dif-
ference for Engel IV for MTS or not (5% vs 13%) is smaller 
than observed (3% vs 18%). A comparison of the pooled 
odds ratio and the odds ratios of the three possible binary 
logistic regressions is also shown (Figure 2). The pooled 
odds ratio of 2.97 is contained within the 95% confidence 
interval for each binary logistic regression. However, a 
likelihood ratio test did show that the prediction of or-
dinal regression with non-proportional odds (Figure 1A) 
was a significantly better fit (P = .04) than the prediction 
of ordinal regression with proportional odds (Figure 1B).

3.2  |  Statistical significance

When the raw count data were analyzed for each study 
using binary logistic regression, only one study10 showed 
a significant difference (P < .05) for seizure freedom with 
vs without MTS. When ordinal logistic regression with 
proportional odds was used, three studies showed a sig-
nificant difference in Engel outcome for patients with vs 
without MTS. Of note, both studies with a significant re-
sult for ordinal, but not binary regression, did show a sig-
nificant difference related to MTS using a Kaplan-Meier 
analysis. However, those analyses included extended fol-
low-up to 538 and 43 months.11 When ordinal regression 
with non-proportional odds was used, two studies showed 
a significant difference in Engel outcome for patients with 
vs without MTS (Table 1). T
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3.3  |  Power analysis

We used the pooled count data to estimate an empiri-
cal distribution of the probability of each Engel outcome 
given the presence or absence of MTS (Table 1). We as-
sumed this as ground truth and generated simulated data 

for each study, given the number of subjects with or with-
out MTS. We then estimated the power to detect a differ-
ence in Engel's outcome using binary or ordinal logistic 
regression with proportional odds. The statistical power 
to detect the true effect was 29% for ordinal regression, 
which was significantly more than 13% for binary logistic 
regression (paired t-test, P <  .001). An equivalent result 
was obtained when using ordinal regression with non-
proportional odds (Table 1).

We estimated the sample size needed to achieve 80% 
power to detect a difference in Engel outcome, assum-
ing a 2:1 allocation of groups (two-thirds with MTS and 
one-third without). Using binary logistic regression (or a 
chi-square test), one would need around 210 patients (140 
with MTS and 70 without) to achieve 80% power to detect 
a difference of seizure freedom of 64% vs 44% (bootstrap, 
10 000 repetitions).

However, using a pooled empiric probability distribu-
tion for Engel outcomes (Table 1), one achieves 80% power 
to detect the same difference in Engel outcome with only 
120 patients (bootstrap, 10 000 repetitions, 80 with MTS, 
and 40 without). In contrast, binary logistic regression 
and the chi-squared test only have ~56% power with 120 
patients. For this example, switching from binary to ordi-
nal logistic regression almost doubles the effective sample 
size.

4  |   DISCUSSION

To the best of our knowledge, this is the first published re-
port applying ordinal logistic regression to Engel surgical 
outcomes. Ordinal regression increases statistical power 
and decreases the sample size need to achieve the desired 
power. We showed this true both using the proportional 
and non-proportional odds assumption. We feel the pro-
portional odds are model easier to interpret, as it gives 
a single pooled odds ratio (see Figure  2). This matches 
our clinical intuition that a predictor of seizure freedom 
should also predict seizure improvement. However, a log-
likelihood ratio test did show modest support (P = .04) for 
ordinal regression with non-proportional odds providing 
a better fit to the observed data than proportional odds.

Though we use data from multiple studies, one limita-
tion is that we focus on a specific epilepsy surgery (SLAH), 
so the generalizability of this finding is not yet clear. 
Because SLAH is a relatively new technique, case series 
necessarily have small sample sizes and thus low statis-
tical power. Underpowered studies will miss true effects 
when present (such as the individual studies which did not 
find an association between MTS and seizure outcome). 
Underpowered studies also have inflated false-positive 
rates13 and overestimate the magnitude of statistically 

F I G U R E  1   Results of ordinal logistic regression. (A) Observed 
percentages of Engel outcomes I-IV stratified by the presence or 
absence of mesial temporal sclerosis (MTS), pooled from 8 studies. 
(B) Predicted percentages of Engel I-IV stratified by MTS or not, 
using ordinal logistic regression. The pooled odds ratio assumption 
means the predicted difference in Engel I for MTS or not (65% 
vs 39%) is slightly higher than observed (64% vs 44%), but the 
predicted difference for Engel IV for MTS or not (5% vs 13%) is 
smaller than observed (3% vs 18%)

F I G U R E  2   Odds ratios for binary vs pooled ordinal logistic 
regression. Predicted odds ratios (with 95% confidence interval) 
are displayed for the three possible binary logistic regressions, 
compared to the pooled odds ratio from ordinal logistic regression. 
The pooled odds ratio of 2.97 is contained within the 95% 
confidence interval for each binary logistic regression. However, 
a log-likelihood ratio test did show modest support (P = .04) for 
ordinal regression with non-proportional odds providing a better fit 
to the observed data than proportional odds
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significant effects when found.14 Low-powered studies 
distort our understanding of prognostics factors for epi-
lepsy surgery.

The obvious solution is to acquire larger sample sizes. 
However, this is difficult in practice. The less obvious 
solution is to use more sophisticated statistical analysis 
to avoid discarding relevant information.2 Here, binary 
classification of seizure freedom is suboptimal when full 
Engel outcomes are available. It may also be possible to 
increase statistical power using continuous predictors. For 
example, asymmetry scores for MTS could be computed 
from neuroimaging data, similar to those used for WADA 
tests.

Our motivation for this paper was not re-demonstrating 
that MTS predicts seizure freedom after SLAH. Rather, the 
goal is to identify statistical tools which can detect rele-
vant prognostic factors in small datasets. For example, se-
miology has been under-analyzed as a predictive factor for 
good outcomes after SLAH. Signs such as ipsilateral man-
ual automatisms and contralateral dystonia are strongly 
lateralizing.15 Well-selected patients with concordant 
semiology (and other presurgical data) may have better 
surgical outcomes than patients with MTS but discor-
dant semiology or scalp EEG. Ordinal regression should 
be an ideal tool to clarify the relative predictive value of 
neuroimaging (MTS) vs other potential predictors (such 
as semiology).

5  |   CONCLUSION

Ordinal regression increases the statistical power to de-
tect a predictor of good outcomes after epilepsy surgery 
when compared to binary logistic regression. Ordinal re-
gression also decreases the sample size needed to achieve 
80% statistical power, relative to binary logistic regression. 
Ordinal regression should therefore be considered when 
analyzing ordinal outcomes (such as Engel surgical out-
come), especially for datasets with small sample sizes.
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