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Abstract. Synthetic speech has a growing role in human computer interaction and 
automated systems with the emergence of ubiquitous computing such as smart 
phones, car multimedia control and navigation systems. Cognitive processing 
costs associated with comprehension of synthetic speech relative to comprehen-
sion of natural speech have been demonstrated with behavioral (reaction time, ac-
curacy, etc.) and self-reported (ratings, etc.) measures. In this neuroergonomics 
study, we have used optical brain imaging (fNIR: functional near infrared spec-
troscopy) to capture the brain activation of participants while they were listening 
to speech with varied quality, as well as natural speech. Results indicated a diffe-
rential hemodynamic response with speech quality. As fNIR systems are safe, 
portable and record brain activation in real world settings, fNIR is a practical and 
minimally intrusive assessment tool for user experience researchers and can  
provide an objective metric for the design and development of next generation 
synthetic speech systems.  
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1 Introduction 

Speech perception is essential to human language and can be defined as the ability of 
a listener to identify and appropriately utilize the phonetic categories from audio sti-
muli input. It is known that separate prefrontal regions are specialized for the  
controlled processing of semantic information [1]. This study investigates cortical 
activation during different qualities of synthetic speech perception and processing as 
measured by optical brain imaging in human computer interaction settings. 
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Past research indicates that the human brain is wired and optimized for processing 
human voices (natural speech) and indicates that there are additional cognitive 
processing costs associated with processing and comprehension of synthetic speech 
[2-4]. Behavioral studies compare favorably for natural speech in comprehension 
although the difference might be slight in some cases. However, there currently is no 
tool available to user experience researchers to elicit objective measures of cognitive 
workload in ecologically valid environments.  

Recent neuroimaging studies demonstrated brain activation changes with respect to 
quality (natural versus synthetic) of auditory stimuli with functional magnetic reson-
ance imaging (fMRI) [4] and positron emission tomography (PET) [1] based studies.  
Both studies found significant differences in prefrontal cortex activity as a function of 
the quality of the auditory signal. Hence, these findings suggest that additional and 
complementary brain networks in the prefrontal cortex (cognitive processing) helps 
with covering modulation in auditory input quality to keep high performance (com-
prehension). Although a listener may not be even conscious to such processing, it 
yields longer reaction times, increased mental effort and eventually fatigue.  

Validation and measurement of audio quality biomarkers and measurement using 
wearable optical brain imaging may help in the advancement of voice synthesizers 
and eventually assist in the production of synthetic speech that will sound more natu-
ral to and be easier to comprehend by human listeners.  

The specific aim of this pilot study is to identify neural correlates of auditory 
processing and its relationship to stimuli quality as measured by functional near infra-
red (fNIR) spectroscopy which is a safe, non-invasive, affordable and portable neu-
roimaging technology that can be used to monitor hemodynamic changes that occur in 
the brain, i.e., blood oxygenation and blood volume, during select cognitive tasks 
such as mental workload [5-7], task difficulty/problem solving [8-10], 
performance[11-13] and learning[13-15] assessment tasks. Moreover, fNIR data can 
be collected in quiet settings unlike functional magnetic resonance imaging (fMRI) 
that exposes subjects to noise and confines them to restricted spaces and a supine 
position during the data acquisition process. These qualities pose fNIR as an ideal 
candidate for monitoring cognitive activity-related hemodynamic changes not only in 
laboratory settings but also under ecologically valid conditions – real world environ-
ments, consistent with the neuroergonomic [16] approach. A recent review of fNIR 
literature by Dieler et al. [17] summarizes the results of speech processing assessment 
in language-related disorders in the fields of neurology (i.e. aphasia and epilepsy) and 
psychiatry (i.e. disruptions of speech production in mood disorders, schizophrenia, 
dementia and anxiety disorders, as well as dyslexia and vigilance). 

For the experimental paradigm, fNIR measures were integrated into a sentence lis-
tening task. The protocol involved listening to a sentence three consecutive times and 
rating the sentence each time for intelligibility, naturalness and overall quality in a 
balanced order. There were five different sentences (i.e., topics related to calendar 
information, email, navigation, sms and weather) and each were generated with three 
different quality levels and also recorded as natural speech being the highest quality. 
A 16-channel continuous wave (CW) fNIR system designed by the Optical Imaging 
Team at Drexel University (see [5]) was used to monitor the prefrontal cortex during 
task performance.  
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2 Methods 

2.1 Participants 

Four right-handed participants (assigned using the Edinburgh Handedness 
Inventory[18]) between the ages 22 to 25 volunteered for this study with average LQ 
of 72.64±17.13. Participants denied having hearing impairment, neurological or psy-
chiatric history. All participants were medication-free, with normal or corrected-to-
normal vision. Participants gave written informed consent for the study, which was 
approved by the Institutional Review Board at Drexel University, and were paid for 
their participation. 

2.2 Experiment Protocol 

The speech quality task and the synthetic speech recordings used in the study were 
originally developed at Intel Labs and were implemented as a Matlab application 
based on ITU Recommendation P.835 [19]. Before the task, a hearing test was per-
formed for each participant and followed by a practice session with two trials before 
the task started. Each trial of the task started with listening to an audio recording (sen-
tence) of about 5 seconds length. There were 5 different sentences and 4 levels of 
audio quality: natural (N) + 3 levels of synthetic (S1, S2 and S3). The synthetic 
speech synthesizers have different system requirements in terms of memory foot-
prints. Synthesizer S1 required 250 MB, S2 required 1 MB and S3 required 50 MB. 
Participants were asked to rate intelligibility, naturalness and overall quality of the 
sound after listening to the each audio piece and submit selection from a scale of 1-
bad, 2-poor, 3 fair, 4-good and 5-excellent. Stimulus delivery to the subject utilized a 
calibrated playback system with an auditory amplifier (Head Acoustics HPS IV), and 
high fidelity headphones (Sennheiser HD 600). 

2.3 fNIR Data Acquisition 

The continuous wave fNIR system (fNIR Devices LLC; www.fnirdevices.com) used 
in this study is connected to a flexible sensor pad that contains 4 light sources with 
built in peak wavelengths at 730 nm and 850 nm and 10 detectors designed to sample 
cortical areas underlying the forehead. With a fixed source-detector separation of 2.5 
cm, this configuration generates a total of 16 measurement locations (optodes) [5, 20]. 
For data acquisition and visualization, COBI Studio software [21] (Drexel University) 
was used. The sampling rate of the system was 2Hz. During the task, a serial cable 
between the fNIR data acquisition computer and stimulus presentation computer was 
used to transfer time synchronization signals (markers) that indicate the start of  
sessions and onset of audio stimuli. 
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Fig. 1. Functional Near Infrared Spectroscopy sensor (head band) and optode locations visua-
lized on anterior view brain surface image [5] 

2.4 Data Analysis 

For each participant, raw fNIR data was low-pass filtered with a finite impulse re-
sponse, linear phase filter with order of 20 and cut-off frequency of 0.1Hz to attenuate 
the high frequency noise[5]. Motion artifact contaminated sessions and saturated 
channels (if any), in which light intensity at the detector was higher than the analog-
to-digital converter limit were excluded[22]. Using time synchronization markers, 
fNIR data segments for rest periods (5 seconds before onset of audio) and task periods 
(audio file length plus 5 seconds) were extracted. Blood oxygenation changes within 
dorsolateral prefrontal cortex for all optodes were calculated using the Modified Beer 
Lambert Law (MBLL) for task periods with respect to rest periods at beginning of 
each task[5]. Average oxygenation change for each session was used as the dependent 
measure. For statistical analysis, one way repeated measures ANOVAs with 4 (Voice: 
Natural + 3 types of Synthetic) levels on both self-reported ratings and oxygenation 
changes were calculated for each optode. To account for violations of sphericity, 
Huynh Feldt corrections were used with Tukey Kramer post hoc tests to determine the 
locus of significant main effects. The significance criterion was 0.05. For multiple 
comparison correction, False Discovery Rate (FDR) approach was used [23]. This 
FDR based procedure has been reported to provide better balance between specificity 
and power than other available methods for multi-channel near-infrared spectroscopy 
functional neuroimaging data [24]. 

3 Results 

3.1 Self-reported Measures 

Subjective ratings recording during the first presentation of each sentence were sub-
mitted to a repeated measures one-way (speech quality) ANOVA. The self-reported 
ratings increase with the available amount of memory for respective recorded speech 
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synthesis solution. There was a significant main effect for speech audio quality 
(F3,64=66.3, p<0.05) and is depicted in Fig. 2. Tukey post hoc tests indicated that each 
group was different from other (q0.05/3, 9 =4.415, p<0.05) and showed that the natural 
speech had the highest ratings. 

 

Fig. 2. Average self-reported measures for each speech quality level. Error bars are standard 
error of the mean (SEM) 

3.2 fNIR Measures 

Oxygenation values for all trials were submitted to a repeated measures one-way 
(speech quality) ANOVA for each optode separately, after FDR corrections only  
 

 
Fig. 3. Average task related oxygenation changes for all four speech quality levels. Error bars 
are standard error of the mean (SEM). 
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optode 13 (which approximately taps middle frontal gyrus) provided a significant 
response, depicted in Fig.3. There was a significant main effect for speech audio qual-
ity (F3,44=10.27, p<0.05) and is depicted in Fig. 3. Tukey post hoc tests indicated that 
showed that the natural speech had significantly lower oxygenation compared to S2 
and S3 (q0.05/3, 9 =4.896, p<0.05).  

3.3 Efficiency Analysis 

Efficiency analysis provides a multidimensional view by connecting outcome and effort 
[25]. For this study, we estimated outcome with self-reported ratings since they indicated 
how much participants liked the speech inputs. For effort, we have used oxygenation 
changes as an indicator of cortical processing performed during that input as an objective 
assessment of cognitive effort.  Normalization of both self-reported and oxygenation 
measures were performed by calculating z-scores with each subject separately.  

In this efficiency graph, the fourth quadrant represents low efficiency, where mini-
mum outcome is achieved with maximum effort. The second quadrant represents high 
efficiency where maximum outcome is achieved with minimal effort. The diagonal y=x 
is the neutral axis, where efficiency (E) is zero and effort and performance are equal. 
The Euclidian distance from the y=x axis (where E=0) indicates the efficiency for each 
condition. Efficiency graph for four speech quality levels (N, S1, S2 and S3) using all 
subjects’ data is provided in Figure 4 below.   To determine the relationship between 
normalized self-reported rating of speech audio quality and normalized oxygenation a 
zero-order correlation coefficient was calculated (r= -0.417, p <0.001). Also, calculated 
efficiencies for each four levels are listed within the graph. 

 

Fig. 4. Efficiency graph with normalized self-reported ratings (Outcome) vs. normalized oxy-
genation (Effort) graph for all four speech audio quality. Second quadrant is high efficiency and 
fourth quadrant is low efficiency area. y=x is where efficiency is zero.  
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4 Discussion 

The purpose of this study was to test if cortical hemodynamic responses as measured 
by wearable optical brain imaging can detect a difference in prefrontal cortex with 
natural and synthetic speech. Our results indicate that oxygenation changes at optode 
13, middle frontal gyrus had significant differences across varying levels of audio 
quality. In previous fMRI studies, a core group of regions beyond the auditory cortic-
es, including the middle frontal gyrus has been shown to be preferentially activated 
for familiar speech categories and for novel non-speech audio [26]. Our results are 
also supporting the results from speech quality studies with fMRI and PET [1, 4]. 

Comparison of oxygenation changes with self-reported measures indicated a nega-
tive (r = -0.417) association between quality of speech and oxygenation: higher nor-
malized oxygenation was observed for lower quality rated speech. Approximately, 
17.4% of the variance in normalized self-reported speech quality output ratings can be 
explained by normalized oxygenation.  

The efficiency analysis also provides insight into the relationship between the au-
dio speech quality and neural activation representing cognitive effort. For example, 
oxygenation of natural speech was minimal, whereas the self-reported rating for it 
was highest and this resulted in highest efficiency rating as depicted in Figure 4. Fur-
thermore, after applying the within subject normalization, the efficiency analysis indi-
cated a transition from high efficiency (natural speech) to low efficiency (S2&S3).  

Efficiency values (E) of each speech (N, S1, S2 and S3) that is the distance from 
y=x axis, followed the audio quality level; N had the highest and synthetic speeches 
followed the memory footprint used for the synthetic speech generation. The self-
reported ratings and oxygenation values followed the same pattern, except for S2 and 
S3 oxygenation levels. Although the difference between oxygenation of S2 and S3 
was not different, S2 had slightly lower oxygenation. One interpretation of this find-
ing is that participants gave up processing the S2 at least in some trials perhaps by 
knowing that S2 had the lowest audio quality rather than the highest audio quality.  
However, additional experimentation is required to substantiate this speculation.   

This study tested the effects of synthetic and natural speech in anterior prefrontal 
cortex and provides important albeit preliminary information about fNIR measures of 
the anterior prefrontal cortex hemodynamic response and its relationship to mental 
workload and speech perception. Level of audio quality does appear to influence the 
hemodynamic response in the dorsolateral/ventrolateral prefrontal cortices, at least for 
some complex sentences and with synthetic audio speech. Since fNIR technology 
allows the development of mobile, non-intrusive and miniaturized devices, it has the 
potential to be deployed in future human factors research environments to provide 
objective, task related brain-based measures of speech quality and may help in the 
design and development of complex human machine systems. 
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