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ABSTRACT

Since its introduction, functional transcranial Doppler sonography (fTCD) has been extensively applied in re-
search and clinical settings and has now become part of the routine presurgical work-up of patients with epi-
lepsy. Because of its importance in planning neurosurgical interventions and predicting possible cognitive
risks, the reproducibility of fTCD in determining hemispheric language lateralization (HLL) has to be ensured.
In the present study, fTCD was performed twice in 33 initially lateralized patients with temporal lobe epilepsy
(TLE) as part of their presurgical work-up, using a standard word generation paradigm.

Initially, the standard analysis, including only the statistical examination of fTCD data, was applied, and a rather
poor retest reliability of r = 0.41 was obtained (p = 0.017). Because of doubts concerning appropriate task per-
formance in some patients, subsequently, a two-step data analysis was introduced, including an additional qual-
itative evaluation of fTCD data regarding (1) instruction-compliant task performance, (2) sufficient quality of the
baseline phase, and (3) adequate increase in cerebral blood flow velocity (CBFV) during the activation phase. At-
tributable to a more valid interpretation of fTCD data after the application of the qualitative step, the reproduc-
ibility of HLL significantly improved (p = 0.007) to a high retest reliability of r = 0.84 (p < 0.000).

In clinical settings, psychological and situational factors seem to strongly influence the reproducibility of fTCD de-
termining HLL. Accordingly, we highly recommend the complementation of the standard statistical examination
of fTCD data by an additional qualitative evaluation (two-step data analysis), as this extra security is particularly
desirable because of its direct implications for the further evaluation of neurosurgical interventions.

This article is part of the Special Issue "Individualized Epilepsy Management: Medicines, Surgery and

Beyond".

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Since its introduction, functional transcranial Doppler sonography
(fTCD) has been extensively applied in research and clinical care [1], as
it provides a noninvasive and cost-effective technique to determine hemi-
spheric language lateralization (HLL). Because of its easy application and
high tolerability, fTCD can be used repetitively, including in children and
patients with cognitive impairment [2-4]. However, fTCD cannot be ap-
plied in about 5-10% of patients who lack sufficient temporal bone win-
dows [5]. This difficulty can be overcome by giving an intravenous
echo-enhancing agent (SonoVue), which allows the determination of
HLL in 7 of 10 patients with poor temporal bone windows [6].
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In patients with temporal lobe epilepsy (TLE), it is of special interest
to determine HLL; firstly, because of the relatively high proportion of
patients with TLE with atypical HLL due to hemispheric shifting of lan-
guage functions, presumably due to left temporal lobe dysfunction-in-
duced plasticity [7,8]; secondly, because HLL, together with other
factors (such as side of planned surgery, magnetic resonance imaging
(MRI) findings, and neuropsychological baseline performance), plays
an important role in the prediction of postsurgical cognitive impairment
in patients with TLE [9,10].

As fTCD is increasingly established as part of the routine presurgical
work-up of these patients [23], it is essential to assure the reproducibil-
ity of HLL determined by fTCD.

The validity of the method has been investigated in several compar-
ative studies with functional MRI (fMRI) or Wada test used as gold stan-
dard, and promising results have been obtained [11-14]. In contrast, the
methods' retest reliability has rarely been investigated, and only two
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studies have assessed the reproducibility of fTCD in determining HLL by
using a word generation paradigm [13-15]. Because of rather small
sample sizes and study populations solely consisting of healthy partici-
pants, further research in this field was needed.

In clinical routine, fTCD is repeated in patients with atypical or no
clear lateralization, in order to verify or improve results of the first mea-
surement and to avoid the necessity of using additional diagnostic tech-
niques such as fMRI or Wada test. However, the repetition of fTCD
measurements only makes sense if the methods' retest reliability is suf-
ficient in general. Thus, in this study, fTCD was applied twice in initially
lateralized patients, i.e., in patients with already clear lateralization re-
sults in the first fTCD, in order to investigate the consistency of results
in a larger, well-defined sample of presurgical patients with TLE.

As previously reported [13-16], several factors possibly influencing
the retest reliability of fTCD exist: firstly, technical issues, such as inconsis-
tency in the fTCD procedure or large variability of the probe positions be-
tween the two measurements, have to be considered and avoided if
possible. Secondly, physiological aspects, such as fluctuations in cerebral
blood flow velocity (CBFV) due to arousal-related modulations of the
heart rate, the recent use of nicotine as well as hormonal changes during
the menstrual cycle of female participants [17], should be taken into ac-
count if this information is available. Thirdly, psychological and situational
factors, such as the patients' ability to concentrate on the task, as well as
aspects of motivation and excitement during test situations, have to be
observed as potential sources of variability between measurements.

In order to control specifically for psychological and situational as-
pects of fTCD measurements, we introduced a two-step data analysis,
including the standard statistical examination, complemented by an ad-
ditional qualitative evaluation of fTCD data.

As fTCD determining HLL was part of the routine presurgical work-
up, this study is also part of continuous quality assurance, as recom-
mended by the guidelines of the working group for presurgical epilepsy
diagnosis and operative epilepsy treatment [18].

2. Material and methods
2.1. Patients

In the current study, fTCD was performed twice in 33 patients (16
men, 17 women; mean age: 36.10 years, standard deviation (SD) =
11.35) with TLE (61% left-sided, 30% right-sided, 9% bihemispheric) as
part of presurgical work-up. All patients were initially lateralized, i.e.,
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already showed clear lateralization results in the first fTCD. The second
measurement was applied 1 to 94 days after the initial examination
(median = 7 days), and data were analyzed retrospectively. As deter-
mined by the Edinburgh Handedness Inventory (EHI) [19], 61% of pa-
tients were consistently right-handed (EHI>50), 15% were
consistently left-handed (EHI < —50), and 24% were ambidextrous.

Initially, fTCD data of all patients were statistically evaluated using
the well-established standard analysis (see Fig. 1a). Subsequently, a
two-step analysis was introduced, and all patients underwent an addi-
tional qualitative examination of fTCD data (see Fig. 1b).

As fTCD data of the patients with TLE were collected as part of their
routine presurgical workup during video EEG monitoring and after-
wards, data were anonymized and analyzed retrospectivly, no ethics
committee approval was obtained in the first place.

22. fICD

The determination of HLL by fTCD was performed in a standardized
fashion, as previously described [7,20]. Briefly, by fixing two 2-MHz ul-
trasonic probes on both sides of the head with the help of a flexible hat,
CBFV in both middle cerebral arteries (MCAs) was measured simulta-
neously and continuously through temporal bone windows by a stan-
dard transcranial Doppler sonography (TCD) device (Pioneer, EME,
Medilab, Wiirzburg, Germany) at a depth between 50 and 60 mm.

A cued word generation paradigm consisting of three phases (each
initiated by a cueing tone) was used. Firstly, patients were instructed
to silently generate words for 20 s starting with a letter displayed on a
computer screen for 5 s (word generation period = activation phase).
Secondly, patients were asked to name the generated words loudly for
5 s (speech period = compliance control phase). Thirdly, a relaxing
time of 30 s followed (resting period = baseline phase). The whole
measurement consisted of 20 epochs (each including all three phases)
and took about 20 min in total. Letters were presented randomly.

By synchronizing the stimulation software with the TCD device,
markers were recorded at the beginning of each epoch. Later, the spec-
tral envelope curves of the Doppler signal were analyzed offline with
the automated software AVERAGE [21]. After an artefact rejection and
heart cycle integration, the Doppler signal was segmented into the 20
epochs. The mean CBFV changes during the activation phase relative
to the baseline phase were calculated and averaged across the 20
epochs. By analyzing the difference in relative CBFV changes between
the left and right MCAs during the activation phase, the laterality

not lateralized
(n=0)

not lateralized
(n=7)

lateralized
(n=26)

lateralized
(n=33)

standard

+ qualitative
analysis

(n=33)

b)

not lateralized
(n=15)

not lateralized
(n=2)

lateralized
(n=16)

lateralized
(n=18)

Fig. 1. Flowchart of patients taken for retest reliability analysis. a) fTCD data of all patients (n = 33) were analyzed statistically, and retest reliability between the first (T1) and second (T2)
measurements was computed for patients with clear lateralization at T1 (n = 33). b) All patients (n = 33) underwent an additional qualitative analysis of fTCD data, and retest reliability

between T1 and T2 was computed for patients with clear lateralization at T1 (n = 18).
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index (LI) of the word generation period and its standard error of the
mean (SEM) were computed. For a more detailed review, see the
work of Deppe et al. [22].

2.3. Standard analysis

According to the standard statistical analysis of fTCD data, 95% con-
fidence intervals for the LIs were computed. Left HLL was expected if
the LI and its confidence interval were clearly positive (LI £ 1.96 =
SEM 2 0.2). Correspondingly, if the LI and its confidence interval were
clearly negative (LI £ 1.96 x SEM < —0.2), right HLL was concluded. In
all other cases, no lateralization was assumed.

24. Qualitative analysis

For the first time, an additional qualitative evaluation of fTCD data
was applied by supplementary rating of the quality of measurements
regarding three categories.

(1) Instruction-compliant task performance: during the measure-
ment, behavioural observation was used to assess whether the
patient paid attention to the letter displayed on the computer
screen and seemed concentrated on the task in the silent word
generation period. Furthermore, subsequent to the examination,
all patients were asked a) how good they could relax during the
resting period and b) whether they found it difficult to come up
with as many words as possible in the speech period. Further-
more, the amount of generated words was qualitatively com-
pared with the patients' educational level and results of word
fluency and processing speed tasks in the preceding neuropsy-
chological assessment.
Sufficient quality of the baseline phase: firstly, during the mea-
surement, the resting period was analyzed by observing
whether the patient kept quiet, did not talk, and moved as little
as possible during the relaxation time. Secondly, as during the
baseline phase, no task-related activation in the averaged
CBFV is expected; after the measurement, the CBFV curves of
the baseline phase were visually inspected regarding unsus-
pected increases in CBFV or differences between the left and
right MCAs.
(3) Adequate increase in CBFV during the activation phase: after the
measurement, the CBFV curves of the activation phase were
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visually inspected regarding an increase in the averaged CBFV
compared with the individual baseline phase, as its absence or
a fast decrease in CBFV during the word generation period
would indicate a reduced task-related activation.

If one or more of the qualitative categories were not met, i.e., pa-
tients did not show instruction-compliant task performance, a sufficient
quality of the baseline phase, or an adequate increase in CBFV during the
activation phase, language lateralization results were subsequently
redefined as “not lateralizing”, regardless of the previous standard
fTCD analysis.

2.5. Statistics

Statistical analyses were performed using IBM SPSS Statistics 22
(IBM Corporation, USA).

Group differences in HLL were tested using Wilcoxon-tests, and sub-
groups were compared with the help of independent samples t-tests
and chi-square-tests. Pearson product moment correlation coefficients
were calculated firstly to correlate the Lls of the word generation and
speech periods and secondly to analyze the retest reliability of fTCD
measurements. Fisher r-to-z transformation was used to compare the
retest reliability coefficients between the standard and the two-step
analyses of fTCD data.

3. Results
3.1. Standard analysis

When only regarding the well-established statistical examination of
fTCD data, left HLL was found in 45% of all patients (n = 33) during the
first measurement (T1). Right HLL was seen in 55% of patients. During
the second measurement (T2), left HLL was found in 55%, right HLL
was found in 24%, and no lateralization was found in 21% of patients
(see Fig. 2a).

Hemispheric language lateralization was consistent across both
measurements in 55% of patients (group of “nonswitchers”). However,
HLL of 21% of patients switched from lateralized at T1 to not lateralized
at T2, and surprisingly, in the remaining 24% of patients, HLL even
switched sides across the two measurements (one from left to right,
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Fig. 2. Distribution of hemispheric language lateralization (HLL) a) after standard analysis and b) after standard + qualitative analysis. Retest reliability for each data analysis method was
computed for patients with clear lateralization at T1 only, resulting in the exclusion of 15 patients after the qualitative analysis (crossed out bar). *p < 0.05; **p < 0.01.
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seven from right to left) (group of “switchers”). This led to a rather poor
retest reliability of r = 0.41 (95% confidence interval = 0.08-0.66; p =
0.017).

No significant differences between “nonswitchers” and “switchers”
regarding sex, age at onset, or side of epilepsy could be revealed (all
p-values > 0.05). As motor-associated artefacts may occur during loud
word generation (speech period), this period is not commonly used
for language lateralization itself. However, because of its establishment
as compliance control, in this special case the speech period was exam-
ined, and only “nonswitchers” exhibited a correlation among silent and
loud word generation (r = 0.65, p = 0.007). As “switchers” did not
show such a correlation, doubts regarding appropriate task perfor-
mance in that subgroup were raised.

3.2. Standard + qualitative analysis

All patients (n = 33) underwent an additional qualitative evaluation
of fTCD data (see Table 1). Thereby, the unusually high proportion of pa-
tients with statistically defined right HLL during T1 decreased (from 55%
to 21%), and in total 46% of initially lateralized patients (n = 15) were
now qualitatively reevaluated as showing no clear lateralization at T1
(see Fig. 2b). Thus, as the focus of this study was the investigation of the
reproducibility of HLL, these fifteen patients were excluded from retest re-
liability analysis, leading to the final sample (n = 18) reported hereunder.

Of the final sample of patients who were statistically and qualita-
tively lateralized at T1, 89% showed consistent HLL across both

Table 1
Overview of all 33 patients after standard and qualitative analyses of the first fTCD
measurement.

Standard analysis ~ Qualitative analysis

Patient Sex Age LI SEM Category 1 Category2 Category 3
met met met
1? M 33 —10.6 141 No No Yes
28b F 28 —6.75 0.85 Yes No No
3 F 28 —6.37 0.83 Yes Yes Yes
4 M 33 —5.64 0.63  Yes Yes Yes
5ab F 46 —5.04 094  Yes No No
60 M 56 —3.88 0.59 Yes No No
7 M 48 —3.67 0.68 Yes Yes Yes
8b M 45 —280 035 No No Yes
9 F 45 —2.70 0.76  Yes Yes Yes
10%° F 26 —2.68 0.61 No No Yes
11 F 34 —2.66 0.71  Yes Yes Yes
1230 F 60 —247 1.08 Yes No No
13* F 33 —2.18 0.64 Yes No No
1420 F 29  —187 0.68 No Yes No
15 M 34 —1.70 0.61 Yes Yes Yes
16% F 38 —1.55 034 No Yes No
17 F 45 —1.26 044 Yes Yes Yes
18* F 22 —1.13 047 No Yes No
19° M 38 1.06 042 No No No
20° M 23 1.32 049 No Yes No
21 M 31 1.68 0.64 Yes Yes Yes
22 M 31 1.74 0.77  Yes Yes Yes
23 M 27 1.84 0.59 Yes Yes Yes
24 M 51 2.01 0.87 Yes Yes Yes
25 F 36 2.28 0.52  Yes Yes Yes
26 F 17 2.57 0.59 Yes Yes Yes
27° F 17 2.85 1.20  Yes No Yes
28 F 35 291 0.78  Yes Yes Yes
29%P M 27 3.98 0.73  Yes No No
30 M 33 4.55 0.61 Yes Yes Yes
31 M 57 523 0.54 Yes Yes Yes
32 M 41 6.53 1.50 Yes Yes Yes
33 F 37 6.59 0.74  Yes Yes Yes

F = female, M = male.

2 These patients (n = 15) were subsequently redefined as “not lateralizing” because one
or more of the qualitative categories (Category 1 = instruction-compliant task perfor-
mance, Category 2 = sufficient quality of the baseline phase, Category 3 = adequate in-
crease in CBFV during the activation phase) were not met.

b Group of “switchers” = HLL switched sides across the two measurements.
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Fig. 3. Consistency of LIs between the first (T1) and second (T2) measurements of the final
sample (n = 18) of patients who were statistically and qualitatively lateralized at T1.

measurements. This led to a highly significant retest reliability of r =
0.84 (95% confidence interval = 0.61-0.94; p < 0.000; see Figs. 2b and
3).

The reproducibility of HLL was significantly improved (z = —2.48,
p = 0.007) by the use of the two-step (standard + qualitative) data
analysis, as also highlighted by the higher consistency across T1 and
T2 regarding the ratio of the left and right HLLs after the two-step
data analysis compared with the standard data analysis (see Fig. 2). In-
terestingly, at T2, a significantly higher consistency regarding HLL (p =
0.005) between the standard and two-step data analyses could be ob-
tained, presumably attributable to a lower amount of qualitative redef-
initions due to a general significant improvement in the quality of T2
compared with T1 (p = 0.003).

4. Discussion

In contrast to previous studies assessing the reproducibility of fTCD
determining HLL [13-15], in our sample, a rather poor retest reliability
between the first and second measurements could be obtained, when
only using the well-established statistical examination of fTCD data.
Furthermore, even given the known relatively high number of patients
with TLE with atypical HLL [7,8], in our sample, the proportion of statis-
tically defined patients with right HLL during the first measurement ap-
peared to be extraordinarily high.

As technical aspects, such as fTCD procedure and probe positioning,
were kept consistent between measurements, especially psychological
and situational factors [16] might be an explanation for our unusual find-
ings. In this study, fTCD measurements were performed as part of
presurgical work-up and thus were often implemented following a
long neuropsychological assessment taking 2-3 h. Together with other
factors, such as withdrawal of antiepileptic medications and the recent
increase in seizure frequency during video-electroencephalography
(video-EEG) monitoring, these aspects presumably impaired the pa-
tients' ability to concentrate on the task and probably influenced their
motivation during fTCD measurements.

This potential source of variability not only limits the comparability
to other reproducibility studies, as there often healthy participants in
controlled conditions were examined. More importantly, this observa-
tion encouraged us to search for additional means of fTCD data evalua-
tion, in order to specifically control for these psychological and
situational aspects, which seem to be of extraordinary importance in
the clinical setting. Underlined by our findings, we conclude that the
standard statistical examination of fTCD data should be complemented
by an additional qualitative evaluation of the measurements.

Firstly, this supplementary step of data analysis helps to detect and
exclude fTCD measurements of insufficient quality and by that provides
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a more conservative and even more secure means of data evaluation.
Since fTCD plays a significant role in the routine presurgical work-up
of patients with epilepsy regarding the planning of neurosurgical inter-
ventions and the prediction of possible cognitive risks, this extra secu-
rity is especially desirable in the clinical setting.

Secondly, this additional qualitative assessment supports the identi-
fication of possible opportunities to intervene before or even during the
fTCD examination in order to achieve better quality of measurements in
the first place. For example, even in the limited time of a video-EEG
monitoring, it might be better not to perform fTCD following a long neu-
ropsychological assessment. Moreover, the importance of instruction-
compliant task performance could be emphasized even more, and the
patients' motivation to give their best effort might be checked more
often during measurements. Furthermore, the implementation of a
short break in the middle of the 20 epochs might be considered in
order to increase the patients' ability to concentrate on the task. The lat-
ter should be part of further investigations.

Until now, in clinical routine, qualitative aspects of measurements
have already been included in the evaluation of fTCD examinations
but so far mostly in a very unsystematic way and usually by means of
subjective “clinical impressions” of clinicians performing fTCD. In
order to alert other medical professionals to look beyond solely statisti-
cal analyses and rely on a combination of quantitative and qualitative
information, this “clinical impression” needed to be standardized and
underpinned by empirical data. In this study, we aimed to a) formalize
this qualitative approach by defining clear criteria (three qualitative cat-
egories) and strictly applying them to data analysis and b) investigate
how results change when using this additional qualitative analysis in
order to support this approach by empirical findings.

We hope our findings contribute to the understanding that quantita-
tive and qualitative analyses not inevitably have to be considered as
polar opposites and that the integration of both analyses can improve
the evaluation of fTCD data in clinical routine.

5. Conclusion

Our results underline that especially in clinical settings, psychologi-
cal and situational factors seem to influence the reproducibility of fTCD
determining HLL. While this has already been the “clinical impression”
of many clinicians when examining cognitive data, the approach of
using qualitative information for fTCD data analysis has been standard-
ized and proven empirically for the first time in this study. Accordingly,
we highly recommend the complementation of the standard statistical
examination of fTCD data by an additional qualitative evaluation and
want to emphasize the importance of critically scrutinizing the circum-
stances in which fTCD measurements are performed in clinical routine
in order to achieve better quality of measurements in general.

As confirmed by our findings, the implementation of this two-step
data analysis significantly improves the method's retest reliability, indi-
cating that repetitions of fTCD measurements are generally reliable and
thus useful for verifying or improving the results of the first measure-
ment. Because of its direct implications for the further evaluation of
neurosurgical interventions, the extra security of the two-step data
analysis is particularly desirable.
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