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ABSTRACT

Purpose: The purpose of this study was to assess differences between individuals
treated for oral squamous cell carcinoma (ITOC) and control speakers on acoustic,
kinematic, and perceptual measures of speech. Furthermore, this study aimed to
assess the interrelatedness of these speech domains alongside self-reported speech
outcomes in order to inform clinically relevant measures of speech in ITOC.

Method: Simultaneous acoustic and kinematic data (via electromagnetic articu-
lography sensors on the tongue) were collected from nine ITOC, who received
surgical treatment for a tumor located on either the tongue or jaw and eight
age- and sex-matched control speakers. All participants were native speakers
of Dutch and read the North Wind and the Sun Passage. We calculated the
articulatory—acoustic vowel space (AAVS) from the acoustic data and the
articulatory—kinematic vowel space (AKVS) from the tongue tip and tongue back
sensor data. Inexperienced listeners (n = 35) provided intelligibility and listening
effort ratings using a visual analogue scale rating procedure. Self-reported
speech problems were assessed using the Speech Handicap Index.

Results: Compared to an age- and sex-matched control group, ITOC demon-
strated a significantly smaller AAVS and AKVS of the tongue tip and back, as
well as lower intelligibility ratings. A correlation analysis of all speech outcome
measures within the ITOC group showed that group-wise, the acoustic, percep-
tual, and self-reported measures were most strongly associated with each
other. While acoustic and kinematic measures were not strongly associated with
each other on the group level, within-speaker correlations showed stronger
acoustic—kinematic associations.

Conclusions: This study demonstrates that acoustic, perceptual, and self-
reported measures are related and quantify speech problem severity between
ITOC, while kinematic measures showed no between-speaker relationships in a
systematic way. Acoustic and kinematic measures showed greater within-
speaker than between-speaker associations, reflecting speaker-specific com-
pensatory behaviors. Our results underscore the importance of assessing the
speech outcomes of ITOC across the acoustic, kinematic, perceptual, and self-
reported domains to inform rehabilitation strategies.
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Tumors in the oral cavity, which for 90% consist of
oral squamous cell carcinoma (OSCC), affect approxi-
mately 378,000 people worldwide each year (Bagan et al.,
2010; Ferlay et al., 2021). The staging of the tumor is in
part determined according to its size, with sizes varying
from T1 to T4, with T1 being the smallest and T4 being
the largest tumors (Lydiatt et al., 2017). For the majority
of OSCC cases, surgical resection is preferred over pri-
mary radiation therapy, especially if the tumor is accessi-
ble to the surgeon. However, surgery in the oral cavity is
associated with problems with swallowing and/or speech
articulation (Kreeft et al., 2009; Lam & Samman, 2013).
While primary closure of the wound may result in speech
problems due to reduced tongue mobility or tissue loss
(i.e., missing tissue to form or approximate constrictions
or more air escaping through less narrow constrictions),
reconstruction of the tongue by means of a free flap may
result in movement asymmetry as the flap can only move
passively considering it is not functionally integrated
(Bressmann, Uy, & Irish, 2005; Bressmann et al., 2007,
Kappert et al., 2019). Surgical treatment for mandibular
tumors can limit tongue mobility as well, as tumors are
rarely restricted to the mandibular bone, and the surgical
safety margin may comprise tissue from the floor of the
mouth (FOM) or tongue (Bak et al., 2010; de Groot
et al., 2020; Tienkamp, Rebernik, Halpern, et al., 2024).
For larger tumors, postoperative radiation therapy may be
necessary in order to minimize the risk of local recurrence.
However, primary or adjuvant radiation therapy can
result in additional fibrosis and muscle atrophy, which
may further limit tongue mobility and hence speech qual-
ity (Lam & Samman, 2013).

As the incidence rates of OSCC are increasing, an
understanding of the functional outcomes is key in
improving posttreatment quality of life and designing
new speech rehabilitation strategies (Constantinescu &
Rieger, 2019; Dwivedi et al., 2009). It is especially
important to better understand the posttreatment speech
outcomes of individuals treated for OSCC (ITOC) as
they rank speech as one of their most important priorities
following treatment (Arslan et al., 2016; Ringash et al.,
2018; Tschiesner et al., 2013). Posttreatment speech out-
comes for ITOC can be quantified through various
domains. In some cases, objective methods are used to
quantify speech changes in ITOC, such as characterizing
the speech signal using spectrotemporal measures (Acher
et al., 2014; Guo et al., 2023; Tienkamp et al., 2023) or
tracking the movement of the articulators directly using
kinematic methods (Bressmann, Thind, et al., 2005;
Hagedorn et al., 2021; Imai & Michi, 1992; Stone et al.,
2014; Tienkamp, Rebernik, Halpern, et al., 2024; Zhou
et al., 2013). Subjective methods are used to quantify speech
changes in ITOC as well, such as perceptual assessments
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with inexperienced listeners or clinicians (Bressmann
et al., 2004, 2009) or self-reported outcomes provided by
the individuals themselves (Fichaux-Bourin et al., 2009;
Park et al., 2016; Rinkel et al., 2008). While some studies
have examined speech function in ITOC using acoustic
and kinematic methods (Zhou et al., 2013); acoustic, kine-
matic, and perceptual methods (Acher et al., 2014;
Wakumoto et al., 1996); self-reported and acoustic
methods (Guo et al., 2023); self-reported and perceptual
methods (Matsui et al., 2007; Park et al., 2016); and kine-
matic and perceptual methods together (Imai & Michi,
1992), the literature remains scarce regarding the simulta-
neous assessment of multiple speech domains in the same
group of ITOC, which leaves some critical questions rela-
tively unexplored. For example, assessment of multiple
speech domains allows for the appraisal of whether defi-
cits in one speech domain are associated with deficits in
another speech domain.

Objective Speech Outcomes

Acoustic and kinematic methods allow for an objec-
tive quantitative assessment of posttreatment speech out-
comes in ITOC that do not depend on human judgments,
which are inherently subjective. Acoustic methods, in
which spectrotemporal features are quantified from micro-
phone recordings, do not require expensive equipment;
can be made relatively quickly; and, as an accompanying
benefit, allow for subsequent perceptual assessment.
Acoustic studies often make use of vowel formant fre-
quencies, which are reflective of resonances along the
vocal tract. The first two vowel formant frequencies (F1—
F,) are impacted by changes in tongue positioning and
provide some insight into the underlying articulatory—
kinematics of the tongue (Mefferd & Green, 2010; Whit-
field & Goberman, 2014). Roughly, the F; is influenced
by tongue and jaw height, whereas the F, is influenced by
tongue frontedness. In turn, the size of the acoustic trian-
gular vowel space area (VSA), which is determined on the
basis of the F; and F, values of isolated corner vowels (/i,
a, u/), provides some indication of the magnitude of the
tongue movements. Changes in F; and F, may be found
in speakers treated for tumors located on the tongue or
the jaw, as tongue mobility is impacted in speech and
nonspeech tasks, regardless of tumor location, while the
jaw mobility needed for speech might be preserved
in those treated for jaw tumors (de Groot et al., 2020;
Tienkamp, Rebernik, Halpern, et al., 2024). For ITOC,
the mobility of the residual tongue seems to be an impor-
tant factor in posttreatment quality of life and speech out-
comes, which makes the acoustic VSA a meaningful
acoustic metric to quantify speech outcomes (Bressmann
et al., 2004; Chepeha et al., 2016; Lam & Samman, 2013;
Matsui et al., 2007; van Dijk et al., 2016).
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In general, prior work on ITOC has indicated that
the acoustic VSA is reduced following surgical treatment.
For example, Guo et al. (2023) recorded sustained vowels
of 92 individuals with tongue cancer (60 with T1-T2
tumors; 32 with T3-T4 tumors) and found that the size of
the VSA was reduced at a 12-month follow-up compared
to the preoperative recordings. The results further showed
that individuals with T3-T4 tumors had larger VSA
reductions compared to individuals with T1-T2 tumors.
The negative impact of surgical treatment for OSCC on
the acoustic VSA was also observed in 62 individuals
treated for T1-T4 tumors using sustained vowels (Takatsu
et al., 2017) and 10 individuals treated for T1-T4 tumors
using consonant-vowel syllables (Whitehill et al., 2006).
While these studies consistently show a reduction of the
size of the acoustic VSA in ITOC, most of the studies
employed sustained vowels, which may not be fully reflec-
tive of our daily communication. To assess speech out-
comes in ITOC in a more ecologically valid way, formant
frequencies can be analyzed in running speech, which only
a limited number of studies have done. Laaksonen et al.
(2010) recorded target sentences from 18 individuals treated
for T2-T3 tumors with radial forearm free flap reconstruc-
tions and found no significant difference in terms of the size
of the acoustic VSA between the pre-op and 12-month fol-
low-up. Additionally, no statistical difference in VSA was
found between those with and without additional floor of
mouth resection or radiation therapy. While no significant
differences were found for the overall size of the acoustic
VSA pre- and postsurgery, a significant increase of F; was
found across vowels postsurgery compared to presurgery,
which signals a lower tongue position overall (Laaksonen
et al., 2010). If high vowels as /i/ and /u/ are produced with
a higher Fj, a push-shift might have been initiated as a
compensatory response to preserve maximum acoustic dis-
tinctiveness from other vowels by lowering the tongue or
the jaw. De Bruijn et al. (2009) recorded a reading passage
from 51 patients with T2-T4 tumors in the oral or oropha-
ryngeal region and documented a reduced VSA at a 6-
month follow-up compared to control speakers. Lastly,
Tienkamp et al. (2023) analyzed the spontaneous speech of
five ITOC treated for tumors on the tongue or jaw and
found no significant differences between the F; and F, of
the corner vowels of ITOC and control speakers.

Even though relationships between acoustic vowel
formants and tongue kinematics have been documented in
typical speakers (i.e., the size of the acoustic VSA is posi-
tively correlated with the size of the kinematic VSA),
acoustic measures of speech provide only an indirect mea-
sure of kinematic movements and may not fully capture
kinematic speech information, especially in individuals
with disordered speech such as ITOC (Dromey et al.,
2013; Kuo & Berry, 2023; Lee et al., 2017; Mefferd &

Green, 2010; Thompson & Kim, 2019, 2024; Whitfield
et al., 2018; Wieling et al., 2016). Kinematic speech infor-
mation may be obscured due to the many-to-one mapping
between articulatory strategies and the resulting acoustic
output, meaning that various articulatory configurations
can be used to achieve the same acoustic goal (Perrier &
Fuchs, 2015). For example, Perkell et al. (1993) showed
that speakers may either raise the tongue body or
increase the amount of lip rounding in order to lower the
F, of /ul/. These varying articulatory configurations,
known as motor equivalence strategies, may be especially
valuable to ITOC as they could leverage an unaffected
articulator (e.g., the lips or the jaw) to compensate for
reduced tongue movements (Hagedorn et al., 2022). Con-
sidering the variety in tumor size and location between
ITOC, motor equivalence strategies may vary consider-
ably as a result. Varying motor equivalence strategies
may complicate the established relationship between
articulatory—acoustics and articulatory—kinematics, espe-
cially when examining group data that use single flesh
point locations for kinematic measures as is the case with
electromagnetic articulography (EMA). Given the positive
correlations between the size of the VSA and speech intel-
ligibility, in both ITOC and individuals with dysarthria, a
better understanding to what extent the acoustic VSA is
related to the kinematic VSA could help to design speech
therapy interventions for ITOC to maximize speech intellig-
ibility (de Bruijn et al, 2009; Thompson et al., 2023;
Turner et al., 1995; Whitehill et al., 2006). For example, if
the acoustic VSA, kinematic VSA, and intelligibility are
positively interrelated, an intervention surrounding maxi-
mizing tongue movement to increase the acoustic VSA and,
in turn, speech intelligibility could be developed.

To measure underlying articulatory movements in
ITOC directly, articulatory-kinematic methods need to
be employed. The majority of studies targeting the
articulatory—kinematics of speech outcomes in ITOC have
focused on sentence- or phrase-level movement patterns
using methods such as magnetic resonance imaging and
EMA. This line of work has indicated that ITOC have
reduced tongue movement, especially on the side where the
tumor was located, and show less complex vocal tract shap-
ing compared to control speakers (Hagedorn et al., 2021;
Stone et al., 2014; Tienkamp, Rebernik, Halpern, et al.,
2024). Moreover, ultrasound tongue imaging data showed
that, compared to presurgery, tongue movements may
become asymmetrical postsurgery as the reconstructed side
only moves passively (Bressmann, Thind, et al., 2005).
Studies looking at specific phonemes, which most often
look at consonants as they are most easily recognized in
the kinematic signal, have indicated that ITOC have less
palatal contact during alveolar plosives as measured by
electropalatography (/t, d/; Imai & Michi, 1992; Suzuki,
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1989; Wakumoto et al., 1996). Alveolar fricatives (/s, z/)
may be produced with a more posterior constriction loca-
tion compared to presurgery or control speakers as shown
by magnetic resonance imaging (Mady & Beer, 2007; Zhou
et al, 2013). The results by Zhou et al. (2013) further
showed that the constriction location and the acoustic spec-
tra of /s/ and /f/ were similar, leading to a possible sound
merger, which could negatively affect speech intelligibility
or acceptability. Collectively, kinematic studies suggest that
ITOC have trouble raising the tongue high enough to form
anterior constrictions.

Subjective Speech Outcomes

While acoustic and kinematic measures of speech pro-
vide objective accounts of the speaker’s side of the communi-
cative process, perceptual measures characterize the listener’s
perspective. Characterizing the listener’s perspective provides
additional information that may complement objective mea-
sures. Perceptual measures of speech often involve Likert
scale ratings of a specific percept, such as the intelligibility,
acceptability, or naturalness of speech. Typically, perceptual
ratings are provided by either inexperienced (e.g., people
with no experience with rating atypical speech) or experi-
enced (e.g., speech-language pathologists [SLPs]) listeners.
Perceptual studies have indicated that ITOC may have
reduced word or sentence intelligibility following surgical
treatment compared to pretreatment (Constantinescu et al.,
2017) and controls (Loewen et al., 2010). This line of work
has also shown interactions between speech outcomes on the
one hand and clinical variables (e.g., resection size) or other
functional outcomes (e.g., mobility of the residual tongue)
on the other hand. That is, ITOC with larger resections
received lower speech acceptability ratings compared to
those with smaller resections (Bressmann et al., 2009; Matsui
et al., 2007; Nicoletti et al., 2004), and ITOC with higher
tongue mobility received higher speech intelligibility ratings
as compared to those with lower mobility postsurgery
(Bressmann et al., 2004; Matsui et al., 2007).

Studies employing both perceptual and kinematic
methods have indicated that a tongue mobile enough to
make contact with the palate results in better speech intel-
ligibility. For example, Imai and Michi (1992) reported a
negative correlation between the number of contacted sen-
sors and the perceived distortion of /s/ by 17 ITOC with
varying degrees of resection of the tongue, floor of mouth,
and mandible. The authors also found that ITOC who
made more linguo-palatal contact produced a less dis-
torted /s/ compared to those with less linguo-palatal con-
tact. Wakumoto et al. (1996) showed that the /t/ produced
by ITOC who were not able to make much linguo-palatal
contact was often perceived as the bilabial /p/. In contrast,
speakers with (more) linguo-palatal contact had a well-
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perceived /t/. The perception of /t/ did not seem to be
modulated by the place of the constriction as constrictions
along the dental arch (i.e., the typical constriction location
for /t/), as well as more posterior constrictions along the
midsagittal plane of the palate led to a well-perceived /t/.

Perceptual studies have further shown the importance
of assessing speech in ecologically more valid ways (i.e.,
ways that characterize daily communication as opposed to
optimal quiet conditions in the lab). For example, Eadie
et al. (2021) investigated the intelligibility and effort needed
to follow the speech of 10 ITOC with either precise or
imprecise speech articulation in a quiet versus noisy envi-
ronment. The precision of speech articulation was assessed
by three SLPs. The results of Eadie et al. (2021) showed
similar intelligibility and listening effort levels in quiet con-
ditions, but those with imprecise speech scored significantly
lower in noisy conditions compared to those with precise
articulation (i.e., lower intelligibility and higher effort).
Thus, while speakers may be intelligible in optimal listening
conditions, those with imprecise articulation are particularly
vulnerable to more adverse listening conditions, which most
of our daily communication comprise.

Finally, self-reported outcome measures provide
important measures of daily communication from the
speaker’s perspective, which are important to measure in
ITOC. For example, while acoustic, kinematic, or percep-
tual measures may indicate no significant speech impair-
ment, ITOC may still experience speech difficulties, which
should warrant further assessment. Self-reported speech
outcomes by means of a questionnaire are the most com-
monly used method to quantify speech function in ITOC
as it is quick to administer (Dwivedi et al., 2009). Self-
reported outcomes are often quantified with question-
naires that target quality of life in relation to functional
outcomes in general (e.g., Hassan & Weymuller, 1993;
Laraway & Rogers, 2012; Malone et al., 2004) or ques-
tionnaires that target speech in particular. For example,
the Speech Handicap Index (SHI) has been developed to
track speech-related quality of life issues in ITOC, and it
discriminates well between ITOC and individuals with typ-
ical speech or between ITOC before and after surgery or
radiation-based treatment (e.g., Fichaux-Bourin et al.,
2009; Park et al., 2016; Rinkel et al., 2008). Higher
scores on the SHI indicate more pronounced speech-
related quality of life issues. According to a recent review,
the SHI has already been validated and translated into
eight languages: Dutch, (U.K.) English, French, Korean,
Mandarin Chinese, Lithuanian, Italian, and European
Portuguese, showing the shift toward acknowledging and
monitoring the patient’s viewpoint more closely (Chan
et al.,, 2021). While the primary target of the SHI is to
document posttreatment speech-related quality of life,
prior studies have established that there is a relationship
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between the SHI and speaker intelligibility (i.e., better
speech-related quality of life related to better intelligibility;
Park et al., 2016) and between the SHI and speech acous-
tics (i.e., better speech-related quality of life was related to
a larger VSA; Guo et al., 2023).

The Present Study

Taken together, prior work highlights that acoustic,
kinematic, perceptual, and self-reported measures each pro-
vide valuable and complementary insights into the speech
outcomes of ITOC. To gain a more comprehensive under-
standing of posttreatment speech outcomes, combining sub-
jective and objective methods may be beneficial. Consider-
ing there is no standardized speech assessment protocol to
assess the speech outcomes of ITOC in research, the pur-
pose of this study was to assess the speech of ITOC holisti-
cally. Such a holistic assessment allows for refinement of
our understanding of how different speech domains are
linked and affected following surgery. A better understand-
ing of speech outcomes following surgical OSCC treatment
and their interrelatedness may be beneficial for SLPs and
surgeons, too, as it may help to (a) inform future speech
assessment protocols in order to improve generalizability
across studies, (b) design better speech treatments for ITOC
as articulatory acoustics and kinematics can show the cause
of reduced speech function, and (c) allow for better predic-
tion as to which type of surgery will result in which speech
deficits. Therefore, in this study, we report a comprehensive
investigation of speech outcomes following surgical treat-
ment for OSCC. Specifically, we investigated the acoustic,
kinematic, perceptual, and self-reported speech outcomes
of ITOC as compared to control speakers.

Our study had two aims. The first aim was to assess
multiple speech domains in ITOC and control speakers: the
acoustic domain (using the articulatory—acoustic vowel space
[AAVS]), the kinematic domain (using the articulatory—
kinematic vowel space [AKVS]), and the perceptual domain
(using intelligibility and listening effort as rated by inexperi-
enced listeners). A better understanding of how surgical
treatment for OSCC impacts different domains of speech is
beneficial for both informing the patient about postoperative
speech functioning and developing a more nuanced under-
standing of the concurrence of speech difficulties across vari-
ous domains. We predicted that ITOC, regardless of treat-
ment site (i.e., both tongue and jaw), would show a smaller
AAVS compared to typical speakers based on studies that
found a reduced VSA for individuals treated for tongue can-
cer compared to either presurgery recordings or a control
group and the fact that jaw cancer treatment can limit the
mobility of the tongue (de Bruijn et al., 2009; de Groot
et al., 2020; Guo et al., 2023; Takatsu et al., 2017; Whitehill
et al., 2006). While, to the best of our knowledge, no study

has assessed the kinematic vowel space in ITOC, we predicted
that ITOC would show a smaller AKVS compared to control
speakers based on the relationship between F;—F, and tongue
positioning and surgery-induced reductions in tongue mobility
for both tongue and jaw cancer (de Groot et al., 2020; Kap-
pert et al., 2019; Mefferd & Green, 2010; Tienkamp, Reber-
nik, Halpern, et al., 2024). Given that surgical treatment for
oral cancer might result in atypical tongue movement patterns
due to changes to both tongue mobility and musculature, we
included both measurement from the tongue tip (TT) and the
tongue back (TB) sensors in our study. Lastly, we predicted
that ITOC would show lower intelligibility ratings and higher
listening effort ratings compared to control speakers based on
the literature that documented reductions in intelligibility fol-
lowing treatment (Bressmann et al., 2004, 2009; Constanti-
nescu et al., 2017; Eadie et al., 2021; Loewen et al., 2010;
Matsui et al., 2007; Nicoletti et al., 2004).

The second aim was to provide a preliminary assess-
ment of the interrelatedness of the three assessed domains
alongside self-reported speech outcomes postsurgery between
and within ITOC to inform clinically relevant measures of
speech in ITOC, which could help to inform speech rehabili-
tation strategies postsurgery. Specifically, we investigated to
what extent the AAVS, AKYVS, listener-provided intelligibil-
ity and listening effort ratings, and self-reported speech out-
comes as measured by the SHI (Rinkel et al., 2008; Van den
Steen et al., 2011) are related to each other for ITOC. We
predicted negative relationships between the acoustic and
self-reported domains based on Guo et al. (2023) as well as
between self-reported and perceptual domains based on Park
et al. (2016), meaning that higher levels of self-reported
speech problems were associated with reduced speech intel-
ligibility and a smaller AAVS in ITOC. Based on other
work with speech disorders and typical speakers (Whitfield &
Goberman, 2014, 2017), we expected a positive relationship
between the acoustic and perceptual domains, meaning that a
higher AAVS would be associated with better higher speech
intelligibility levels in ITOC. While the AAVS and AKVS have
not been evaluated in tandem in ITOC, we predicted a positive
relationship between the acoustic and kinematic vowel space in
ITOC based on the established relationship between formant
frequencies and tongue position in typical speakers (Lee et al.,
2016; Mefferd & Green, 2010; Whitfield et al., 2018), but also
in speakers with dysarthria (Lee et al., 2017; Mefferd, 2015).

Method
Participants
Speakers

All speakers were selected from the corpus reported
in Halpern et al. (2022) and Tienkamp, Rebernik,
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Table 1. Demographics and clinical details of the individuals who received treatment for oral cancer.

ker
ISII;)ea ° Sex | Age | T-stage | SHI Side Location Procedure type Reconstruction FOM PORT | CRT
NKI02 M 68 T2 24 | Both Mandible Continuity resection FOFL X - X
NKI04 M 47 T4 29 | Right Tongue Hemiglossectomy ALTF X - X
NKI05 F 54 T4 6 | Right Mandible Hemimandibulectomy FOFL X X -
NKI06 F 57 T3 13 | Left Tongue Hemiglossectomy RFFF X - -
NKI11 F 56 T4 31 | Both Mandible Continuity resection FOFL and PMMF X X -
NKI15 M 69 — 18 | Both Mandible Total mandibulectomy FOFL X - -
NKI16 F 71 T4 9 | Right Mandible: RTA Hemimandibulectomy FOFL X - X
NKI17 M 57 T1-T2? 26 | Both® Tongue, maxilla, cheek, Hemiglossectomy RFFF X - X
oropharynx, mandible
NKI18 M 75 T2 6 | Left Anterior tongue Partial glossectomy SSG X X -

Note. SHI = speech handicap index; FOM = floor of mouth resection; PORT = postoperative radiation therapy; CRT = chemoradiation ther-
apy; M = male; FOFL = fibular osteocutaneous free flap; ALTF = anterior lateral thigh flap; F = female; RFFF = radial forearm free flap;
PMMF = pectoralis major myocutaneous flap; RTA = retromolar trigone area; SSG = split skin graft.

3patient had over seven procedures for T1 or T2 malignancies. PHemiglossectomy and maxillary resection were performed on the right side.

Oropharyngeal tumors were removed on both sides.

Halpern, et al. (2024). The corpus contains kinematic and
acoustic data collected simultaneously using EMA and a
microphone from 20 native Dutch individuals. Twelve
underwent surgical treatment for OSCC, and eight were
control speakers. ITOC received surgical treatment at least
1 year before participation for tumors that were staged
between T1 (smallest) and T4 (largest). ITOC were noti-
fied about the project between October 2021 and April
2022 by their treating clinician during regular check-ups
at the University Medical Centre Groningen. All individ-
uals provided written informed consent at the time of par-
ticipation in accordance with the approval granted for this
study by the Medical Ethical Review Board of the Univer-
sity of Groningen (NL76137.042.20).

The present study analyzed the kinematic and
acoustic data from nine ITOC (five male, four female)
as well as eight age- and sex-matched controls (five
male, three female). The data of three of the 12 ITOC
in the corpus were excluded in the present study as
no relevant kinematic data were available for these
speakers. The nine ITOC included in this study received
surgical treatment for a tumor located either on the jaw
(n = 5) or on the tongue (n = 4). The average time post-
surgery was 5.1 years with a range of 1.2-11.4 years.
The age range of the ITOC (47-75 years, M =
61.1 years) was comparable to that of the control
speakers (56-77 years, M = 60.9 years). All included
speakers were native speakers of Dutch, denied a history
of self-reported neurological or speech disorders (e.g., a
stroke or a stutter), did not have self-reported depres-
sion-related symptoms, and did not have any nonremo-
vable metal other than medical grade titanium in or
around the head. Demographic and treatment details
of the ITOC are summarized in Table 1, taken from
Tienkamp, Rebernik, Halpern, et al. (2024).
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Listeners

A total of 40 inexperienced listeners were recruited
to participate in the perceptual evaluation. All partici-
pants completed an age-appropriate bilateral pure-tone
hearing screening at 125, 250, 500, 1000, 2000, 4000,
and 8000 Hz (protocol based on the American Speech-
Language-Hearing Association, 2005). For participants
under 50 years of age, the cutoff was 25 dB HL at
all tested frequencies, whereas for participants above
50 years of age, the cutoff was 25 dB HL under 1000 Hz
and 40 dB HL for 2000, 4000, and 8000 Hz (Schow,
1991). Five listeners were excluded from the analysis
as they either did not finish the experiment (n = 1) or
did not pass the hearing screening (n = 4), so a total of
35 listeners completed the experiment (13 males, 22
females; age = 21-65 years, M = 36.1 years, SD = 13.7).
Inexperienced listeners were chosen as their perceptual
judgments reflect social communicative settings to a
greater extent than SLPs. Moreover, inexperienced lis-
teners’ ratings correlate well with those provided by
SLPs, including in studies using speech from ITOC
(Halpern et al., 2023; Hirsch et al., 2022). All listeners
denied a history of neurological or speech disorders. All
but one participant indicated that they did not have
any people in their direct surroundings with speech or
voice disorders." All listeners gave written informed con-
sent, and the study was issued a letter of no objection by
the Research Ethics Review Committee of the Faculty of
Arts at the University of Groningen (ID95072353).

IThis participant indicated to have an individual who stutters in their
direct surroundings.
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Data Collection

Acoustic and Kinematic Speech Recordings

Speakers were recorded in a sound-attenuated room
in the mobile laboratory SPRAAKLAB parked either at
the University of Groningen or the participant’s home
(Wieling et al., 2023). Acoustic data were recorded with a
Sennheiser ME66 shotgun microphone placed approxi-
mately 20 cm from the participant’s mouth with a sam-
pling frequency of 22050 Hz and digitized using a Tascam
US 4 x 4 sound card. Time-aligned kinematic data were
acquired in parallel at 400 Hz with the NDI-Vox articulo-
graph (see Rebernik, Jacobi, Tiede, & Wielding, 2021)
using a MATLAB interface linked to the VOX-VRI
recording software (Northern Digital Inc., 2019). Sensors
were placed following the procedures as specified in
Rebernik, Jacobi, Jonkers, et al. (2021). In total, five mea-
surement sensors were placed, but only the two tongue
sensors were used for the present study as these are the
most relevant in vowel production. The TT sensor was
placed 1 cm behind the anatomical tip of the tongue, and
the TB sensor was placed at the speaker’s /k/ constriction.
The /k/ constriction was determined by having the speaker
produce /k/ after a palate trace was made using a color
transfer applicator stick (Dr. Thompson’s; GUNZdental).
The color of the applicator stick would mark the tongue
at the place where the tongue touched the palate to form
the constriction needed for /k/. In addition to the measure-
ment sensors, four reference sensors (on the left and right
mastoids, the nasal bridge, and the gingiva above the left
upper incisor) were placed to filter out head movements.
A bite plate recording was made to head-correct and
rotate the data to the occlusal plane in MATLAB Version
2020a (MathWorks, 2023).

All speakers read the Dutch North Wind and the
Sun Passage (see Appendix A) while wearing the EMA
sensors and having their speech recorded via the micro-
phone. The North Wind and the Sun Passage was selected
from the corpus for two reasons. First, the passage is
widely used in clinical linguistics, which ensures compati-
bility across studies. Second, the passage was recorded
early during the data collection session, which increased
the likelihood of sensors remaining securely attached and
decreased the likelihood of any fatigue effects. The pas-
sage consisted of eight separate sentences that ranged from
eight to 26 words (M = 14.6 words, SD = 5.5 words).

Perceptual Evaluation

To assess perceptual speech outcomes, each individ-
ual sentence of the North Wind and the Sun Passage was
used in a subsequent perceptual evaluation task. A visual
analogue scale (VAS)-based perceptual task was built
using a graphical user interface in MATLAB (Abur et al.,

2019; MathWorks, 2023). VAS scores correlate well with
orthographic transcriptions and allow for the assessment
of both intelligibility and listening effort using the same
method (Abur et al., 2019; Stipancic et al., 2016; Thomp-
son et al., 2023). To normalize the amplitude of the acous-
tic signal and ensure that each sentence had the same
average sound pressure level, we calculated the average
root-mean-square and scaled the amplitude of each sen-
tence’s acoustic signal accordingly. To avoid speaker and
content familiarization effects, listeners did not rate the
same sentence or speaker twice. This resulted in 17 lists
with eight sentences each. With 35 listeners, each unique
sentence was rated by two listeners, and the sentences of
one list were rated by three listeners. Previous work indi-
cated that in paradigms with only minimal exposure, such
as the paradigm in the present study, two listeners already
provide a strong predictor of intelligibility (Abur et al.,
2019). We included multispeaker babble of four male and
four female speakers who did not participate in the current
study in order to imitate more naturalistic communication
settings and reduce ceiling effects for typical speakers (Abur
et al., 2021; Bunton, 2006; Tjaden, Sussman, & Wilding,
2014). The babble was mixed into the sentences at a signal-
to-noise ratio of +2 dB, which was determined through
pilot testing with a similar VAS rating procedure.

Listeners were tested in a quiet room or in the
sound booth within the mobile laboratory SPRAAKLAB
(Wieling et al., 2023). Experimental stimuli were presented
at 65-70 dB SPL through Sennheiser 280 Pro headphones
and could be listened to twice. After listening to a stimu-
lus, the listener rated the sample on two 100-mm VAS
scales, one for intelligibility and the other for listening
effort. Intelligibility was described to the listener as the
“degree to which speech is understood” (Abur et al., 2019;
Kent et al., 1989). The intelligibility scale ranged from 0
(completely unintelligible) to 100 (completely intelligible).
Listening effort was described as the “amount of work,
attention or concentration it takes to understand a speech
sample” (Eadie et al., 2021). The listening effort scale
ranged from O (no effort at all) to 100 (extremely effortful).
To facilitate the rating, the 0 and 100 anchors with their
descriptions as well as a sheet with the definition of the two
percepts were provided to the listeners (see Appendix B for
the Dutch definitions of the percepts provided to the lis-
teners). Additionally, three stimuli were randomly selected
to be repeated at the end to assess within-rater reliability.

Self-Reported Speech Outcomes

Self-reported speech outcomes in ITOC were col-
lected using the 15-item Dutch SHI, which is a validated
translation of the French 15-item SHI (Fichaux-Bourin
et al., 2009; Van den Steen et al., 2011). It comprises ques-
tions of the original 30-item questionnaire specifically
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designed for patients with oral and oropharyngeal cancer
by Rinkel et al. (2008). The 15 items were answered using
a 5-point Likert scale that ranged from never (0 points) to
always (4 points). The scores on the SHI can range from 0
to 60, with higher scores indicating higher levels of self-
reported speech problems. In its validation, Van den Steen
et al. (2011) found a mean SHI score of 5 for control
speakers. Mendoza Ramos et al. (2021) proposed the fol-
lowing cutoff scores for the degree of self-reported speech
impairments: < 14 no impact, 14-22 light, 23-31 moder-
ate, and > 31 severe impact. The total score of the SHI
was used for statistical analysis.

Analysis

Acoustic Analysis: AAVS

The speakers’ vowel space was quantified using the
AAVS metric (Whitfield & Goberman, 2014). There were
two reasons for this methodological choice. First, the
AAVS considers all vowels rather than just the corner
vowels, providing a more complete picture of a speaker’s
vowel space. Second, the AAVS can be quantified over
running speech, which alleviates the need for manual seg-
mentation of the corner vowels (but see Sandoval et al.,
2013; van Son et al., 2018). Instead of using point-based
measures, the AAVS provides a range-of-movement mea-
sure based on the entire F|—F, trajectory of all voiced seg-
ments of an utterance. The AAVS has been used in both
typical speakers, as well as individuals with dysarthria to
assess articulatory—acoustic differences between speaker
groups (Dragicevic et al., 2024; Houle et al., 2024; Whitfield
et al., 2018; Whitfield & Goberman, 2014, 2017; Whitfield
& Mehta, 2019).

In the case where a participant made a mistake and
read the sentence again, only the correctly uttered version
was used. To extract the utterance-level formant trajecto-
ries, we used the semi-automatic pipeline developed in
Tienkamp, Rebernik, Buurke, et al. (2024). First, all
voiceless segments from each sentence were removed
using a custom script in Praat 6.3.1 (Boersma & Wee-
nink, 2023). Formant frequency measurements for all
voiced segments over time were extracted using a custom
Praat script based on Carignan (2022). As the optimal
formant ceiling may differ per speaker and vowel (see,
e.g., Escudero et al., 2009), the script by Carignan (2022)
collects formant values by iterating through an utterance
with time steps of 5 ms, a window length of 25 ms, and
50-Hz steps within a 3500- to 6000-Hz formant ceiling
range. This results in 51 possible formant frequency
values for each 5-ms time step, one associated with each
formant ceiling. From these collected formant frequen-
cies, outliers 2 SDs away from the mean were removed.
The median of the remaining formant values was taken
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as the optimal formant frequency of a specific 5-ms time
frame, representing a single data point. Resulting for-
mant tracks were manually checked, and remaining mis-
trackings were removed (45 data points, 0.06%).

The AAVS was then calculated for each utterance in
R Version 4.3.2 (R Core Team, 2024) using the procedure
described by Whitfield and colleagues (Whitfield et al.,
2018; Whitfield & Goberman, 2014). First, we converted
the formant data from Hertz to mels and computed the
squared standard deviation of the F|—F, tracks. Next, the
unshared variance between the F|—F, tracks was computed
by subtracting the R*> from 1 when fitting a linear model
with F predicting F>. The AAVS in mels® was calculated as
the square root of the product of the squared variance of the
formant tracks and the unshared variance between them.

Kinematic Analysis: AKVS

To calculate the AKVS, the kinematic equivalent of
the AAVS, we removed pre- and postutterance silences, as
well as sections with audible swallowing from the correctly
uttered versions in mview (developed by Mark Tiede,
Haskins Laboratories). To calculate the AKVS, we used a
similar procedure as the one for the AAVS, but with kine-
matic trajectories rather than acoustic ones. Instead of
using the F|—F, tracks, the coordinates representing ante-
roposterior and vertical movement were extracted from
the TT and TB sensors per trimmed utterance in
MATLAB and entered into the R script. The data from
the TT and TB sensors were not decoupled from the jaw
considering the complexity surrounding decoupling tongue
and jaw data and because the entire vocal tract configura-
tion impacts the acoustic signal. Following methods in
prior work, both voiced and voiceless segments were used
in the calculation of the AKVS (Abur et al., 2022; Whit-
field et al., 2018). In a validation study, Whitfield et al.
(2018) found correlations between the AAVS and AKVS
that were comparable to those between the acoustic and
kinematic VSA (e.g., Lee et al.,, 2016). The AKVS is
reported in square millimeters. For the AAVS, AKVS of
the TT (AKVS-TT), and AKVS of the TB (AKVS-TB), a
total of 136 data points per measure were obtained (17
speakers X 8 sentences).

Perceptual Analysis: Intelligibility and
Listening Effort

For each unique sentence, we calculated the mean
rating of the two or three ratings and used this for our
subsequent statistical analysis, which resulted in 136 data
points (17 speakers x 8 sentences). To assess within-rater
reliability, we calculated the intraclass correlation coeffi-
cient (ICC) together with its 95% confidence interval (CI)
in R Version 4.4.2 (R Core Team, 2024) using the /CC()
function of the psych package Version 2.4.6.26 (Revelle,
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2024). We used a two-way mixed effects model (ICC3,1)
to calculate the agreement between a rater’s first and sec-
ond ratings of the three randomly selected reliability trials.
The within-rater reliability was moderate for both the
intelligibility (ICC = .72, CI [.61, .80], p < .001) and lis-
tening effort ratings (ICC = .62, CI [.49, .73], p < .001).

To assess between-raters reliability, we computed the
ICC together with its 95% CI with a two-way random
effects agreement model ICCs (2,k). Considering that not
all stimuli received the same number of ratings, we assessed
between-raters reliability for lists that received two and
three ratings separately. Based on Koo and Li (2016), we
interpret ICC values below .5 as poor, between .5 and .75
as moderate, between .75 and .9 as strong, and above .9 as
excellent. To be included in the subsequent analysis, at least
moderate agreement was required (ICC > .5).

For the lists that received two ratings, the average-
measure ICC indicated that between-raters reliability for
the intelligibility ratings was moderate (ICC = .7, CI [.58,
79], p < .001). For the listening effort ratings, the
average-measure ICC indicated poor between-raters reli-
ability (ICC = .48, CI [.26, .63], p < .001). For the list
that received three ratings, the average-measure ICC indi-
cated that between-raters reliability for the intelligibility
ratings was excellent (ICC = .92, CI [.76, .98], p < .001).
For the listening effort ratings, the average-measure ICC
indicated moderate agreement (ICC = .71, CI [.14, .93],
p < .001). Due to the poor reliability and the strong corre-
lation between intelligibility and listening effort ratings
(r = -.7, p < .001), we did not include the listening effort
ratings in our subsequent statistical analyses.

Statistical Analysis

After extracting all measures, data were processed and
analyzed using R Version 4.3.2 (R Core Team, 2024). Data
cleaning was done using the tidyverse package Version 2.0.0
(Wickham et al., 2019), and visualizations were made using
the ggplot2 package Version 3.5.1 (Wickham, 2016).

The first aim was to assess whether the acoustic
measure (AAVS), the kinematic measures (AKVS-TT and
AKVS-TB), and the perceptual measure (intelligibility)
differed between typical speakers and ITOC. To this end,
we fitted a linear mixed-effects regression model using the
Imer() function of the I/me4 package Version 1.1.35.3
(Bates et al., 2015). We z-transformed the data of each
measure to get the measures on the same scale. Our
hypothesis model had the z score as the outcome variable
and group (ITOC, control) as the predictor variable. To
account for the inherent variability between speakers and
the possibility that the measures might be differentially
affected in individual speakers, we added a by-speaker

random intercept and a by-speaker slope for measure. To
account for the variability between sentences (e.g., in
terms of their phonetic make-up and length), we included
a by-sentence random intercept. A by-sentence slope for
group or measure led to singular fits and was therefore
not included. We modeled individuals treated for tumors
located on the tongue and jaw as a single group as an ini-
tial analysis indicated that the two subgroups did not dif-
fer significantly from each other.

In our subsequent exploratory analysis, we assessed
whether adding measure (AAVS, AKVS-TT, AKVS-TB,
intelligibility), and the interaction between measure and
group, improved the fit of the model to assess whether spe-
cific speech domains were impacted more than others. We
also assessed the effect of sex (male, female) and age as these
variables are known to affect acoustic and kinematic mea-
sures of speech (Kent & Vorperian, 2018; Thies et al., 2022).
Due to the small sample size and the relative confound
between tumor location and sex (e.g., more female speakers
were treated for jaw tumors than male speakers and vice
versa), we refrained from fitting any complex interactions
that included sex. The best model was determined by using
the anova() function, where a p value below .05 indicated
that the more complex model was preferred.

Model criticism was employed by refitting the final
model to the original data excluding outliers. That is, data
points for which the absolute value of the residuals of the
original model exceeded 2 SDs were removed. This retained
approximately 95% of the data. In order to not report
results dependent on outliers, the trimmed data set was
used if and only if outliers drove the absence or presence of
significant effects (Baayen, 2008, Chapter 6.2.3). The 95%
ClIs were computed for the final model by means of a boot-
strap analysis with 1,000 simulations using the boot pack-
age Version 1.3.31 (Canty & Ripley, 2022). Model checks
were performed to confirm that the model adhered to the
assumptions surrounding multicollinearity, autocorrelation,
normality of the residuals, and homoscedasticity using the
car package Version 3.1.2 (Fox & Weisberg, 2019). The o
level was set a priori at .05.

The second aim was to assess the interrelationships
between acoustic (AAVS), kinematic (AKVS-TT, AKVS-
TB), perceptual (intelligibility), and self-reported (SHI)
measures of speech between and within ITOC. To assess
between speaker interrelationships, we ran a Spearman’s
rank correlation test on the mean values of each domain
per speaker (e.g., the mean AAVS over the eight sentences).
To assess within-speaker interrelationships, we ran a Spear-
man’s rank correlation test separately for each speaker.
Each correlation test was based on the data points of the
eight sentences. All correlation tests were run using the
corr.test() function of the psych package Version 2.4.6.26
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Table 2. Mean and standard deviation for each outcome measure for each individual who received surgical treatment for oral squamous cell
carcinoma and the control and individuals treated for oral squamous cell carcinoma (ITOC) groups as a whole.

Participant Subgroup SHI AAVS in mels? AKVS-TT in mm? | AKVS-TB in mm? Intelligibility
Females

Controls — — 20,547 (6,268) 6.8 (2.7) 5.0 (1.6) 83.1 (15.7)
ITOC — 14.8 (9.9) 16,006 (2,810) 6.92 (2.4) 4.63 (2.1) 50.7 (29.4)
NKI05 Jaw 6 17,108 (3,433) 8.10 (1.5) 3.85 (1.1) 63.2 (32.5)
NKI11 Jaw 31 15,688 (2,764) 6.31 (1.8) 6.39 (1.9) 34.7 (21.6)
NKI16 Jaw 9 16,849 (2,556) 4.57 (0.9) 2.77 (0.6) 44.7 (28.9)
NKIO6 Tongue 13 14,380 (1,919) 8.71 (2.4) 553 (2.1) 60.0 (29.4)
Males

Controls — — 19,941 (6,292) 13.1 (3.7) 9.65 (4.8) 73.9 (24.5)
ITOC — 20.5 (8.3) 12,019 (3,951) 6.36 (3.0) 5.82 (2.8) 34.9 (31.3)
NKIO2 Jaw 24 11,980 (2,827) 9.85 (3.7) 9.05 (3.1) 11.6 (8.30)
NKI15 Jaw 18 12,590 (3,280) 8.34 (1.0) 5.92 (0.9) 55.1 (28.7)
NKIO4 Tongue 29 9,315 (1,014) 3.62 (1.1) 2.68 (0.6) 14.8 (8.2)
NKI17 Tongue 26 8,499 (1,672) 5.09 (1.5) 4.28 (1.3) 16.6 (15.6)
NKI18 Tongue 6 17,709 (2,126) 491 (1.1) 7.15 (1.8) 76.5 (18.8)

Note. SHI = speech handicap index (ranges from 0 to 60); AAVS = articulatory—acoustic vowel space; AKVS = articulatory—kinematic vowel

space; TT = tongue tip; TB = tongue back.

(Revelle, 2024). Given the exploratory nature and small
clinical sample size of our study (n = 9), we used nonpara-
metric tests and focused on effect size rather than signifi-
cance. That is, only correlations of moderate strength (|7,|
> .4) were interpreted. Our analysis code can be found
online at https://osf.io/3sprj/.

Results
Group Differences Among Speech Domains

Descriptive statistics for all speech measures are
provided in Table 2 and visualized in Figure 1. Our final
model used the entire data set, as model criticism indi-
cated that the results were not affected by outliers.
Across speech measures, ITOC had significantly lower
scores compared to control speakers (§ = —.99 SD, t =
-5.94, CI [-1.39, -0.63], p < .001). In our exploratory
analysis, we found that the addition of age significantly
improved the fit of our model, y* = 6.6(1), p = .01. The
significant effect of age (age range: 47-77 years) indi-
cated that scores increased significantly with age (p = .03
SD, t = 2.75, C1[0.006, 0.05], p = .02).” The addition of
measure, x2(3) =0, p =1; sex, Xz(l) = 0.01, p = .92; or

This effect seems to be primarily driven by the fact that the youngest
speaker, NKI04 (ITOC), received the lowest scores and the oldest
speaker, NKIO7 (control), received the highest scores. The age effect
was not significant when only NKI04 was removed (p = .098), not
significant when only NKI07 was removed (p = .08), and not signifi-
cant when both NKI04 and NKI07 were removed (p = .51).
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the interaction between group and measure, x*(6) = 0.9,
p = .99, did not improve the fit of the model and were
therefore not included. Thus, our final model indicates
that, compared to control speakers, ITOC had a signifi-
cantly smaller acoustic (AAVS) and kinematic (AKVS-
TT and AKVS-TB) vowel space. Moreover, the speech
of ITOC received lower intelligibility ratings as compared
to control speakers. The magnitude of these differences did
not differ significantly between the different measures.

Between-Speakers Correlation Results

The Spearman’s rank correlation tests revealed
strong statistically significant negative correlations between
perceptual and self-reported measures (r, = —.79, p = .01)
and self-reported and acoustic measures (r;, = —.73, p =
.03). There was also a strong statistically significant positive
correlation between acoustic and perceptual measures (r; =
.8, p < .01). Lastly, there was a moderate positive correla-
tion between the two kinematic measures that was not sta-
tistically significant (r, = .6, p = .09). Figure 2 visualizes all
group-level, between-speaker correlation results. Scatter
plots for all between-speaker variable combinations are
available in Supplemental Material S1.

Within-Speaker Correlation Results

The within-speaker correlations revealed no strong
statistically significant correlations between the acoustic
and perceptual domain, with correlations ranging between
—.26 and .62, with only a moderate-to-strong (.62) positive
correlation for one speaker (all ps > .05). In contrast,
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Figure 1. Violin plots depicting the distribution of the data for each speech measure. The acoustic AAVS in green, the perceptual measure
intelligibility in purple, and the kinematic AKVS for the tongue tip and tongue back in orange. Dots represent individual data points and are
shaped by subgroup (Circles = control speakers. Squares = individuals treated for jaw tumors. Triangles = individuals treated for tongue
tumors). AAVS = articulatory—acoustic vowel space; AKVS = articulatory—kinematic vowel space; TOC = individuals treated for oral squa-

mous cell carcinoma; TB = tongue back; TT = tongue tip.
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where there was no group-level association between acous-
tic and kinematic domains, six speakers (66%) showed
moderate-to-strong positive correlations for either the
AKVS-TT (r; between .14 and .57) or AKVS-TB
(ry between .17 and .7), though all but one correlation
(ry = .7) did not reach statistical significance. No statisti-
cally significant within-speaker association was found
between kinematic and perceptual domains with effect
sizes ranging from negative moderate to positive moderate
(ry between —.52 and .48, all ps > .05). Lastly, both kine-
matic measures were strongly positively correlated with
each other for five speakers (56%; r, between .83 and .98,
all ps < .01) and moderately positively for one speaker
(ry = .62, p = .1). Figure 3 visualizes all within-speaker
correlation results. Scatter plots for all variable combina-
tions for each speaker are available in Supplemental
Materials S2-S10.

Discussion

The goal of this study was to provide a comprehen-
sive assessment of the speech outcomes of ITOC. To this
end, we compared a measure of the acoustic vowel space
(AAVS), measures of the kinematic vowel space (AKVS-TT
and AKVS-TB), and a perceptual measure (intelligibility)
between ITOC and control speakers. In addition, we
assessed the interrelatedness between and within ITOC
between the acoustic, kinematic, perceptual, and self-

Figure 2. Correlation matrix of the between-speaker interrelated-
ness of speech domains. Correlation coefficients are based on a
Spearman’s rank correlation test on the mean values of each
domain per speaker. Asterisks denote a p < .05. AAVS =
articulatory—acoustic vowel space; AKVS = articulatory—kinematic
vowel space; PRO = Patient Reported Outcome; SHI = speech
handicap index; TB = tongue back; TT = tongue tip.
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Figure 3. Correlation matrix of the within-speaker interrelatedness of speech domains in ITOC. Correlation coefficients are based on a
Spearman’s rank correlation test on the speech outcomes across domains on the eight sentences for each speaker. Asterisks denote a p <
.05. AAVS = articulatory—acoustic vowel space; AKVS = articulatory—kinematic vowel space; TB = tongue back; TT = tongue tip.
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reported speech domains in ITOC to inform clinically rele-
vant measures of speech.

Group Comparisons
For our first aim, we compared speech outcome

measures between ITOC and control speakers and hypoth-
esized that ITOC, regardless of treatment site, would have

12 Journal of Speech, Language, and Hearing Research e 1-21

a smaller acoustic vowel space, kinematic vowel space,
and lower speech intelligibility ratings. In line with our
hypothesis and prior work, ITOC had a smaller AAVS
(de Bruijn et al., 2009; Guo et al., 2023; Takatsu et al.,
2017; Whitehill et al., 2006), AKVS of both tongue sensors
(Chepeha et al., 2016; de Groot et al., 2020; Hagedorn
et al., 2021; Kappert et al., 2019; Speksnijder et al., 2011;
van Dijk et al., 2016), and lower speech intelligibility scores
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compared to typical speakers (Constantinescu et al., 2017;
Loewen et al., 2010). Considering that the addition of mea-
sure as a fixed effect or the interaction between measure
and group did not improve the fit of the model, our results
suggest that the observed difference between ITOC and
control speakers remained consistent across the different
assessed speech domains.

Earlier studies have already shown that ITOC have
reduced tongue mobility compared to controls, either in
nonspeech tasks (e.g., Kappert et al., 2019; van Dijk et al.,
2016) or in a speech task measuring the absolute movement
size (i.e., the articulatory working space in mm? Tienkamp
et al., 2023). Our work extends these findings by showing
that the movement area that ITOC tend to use the most
during speech (i.e., the generalized working space) is also
reduced and more centralized compared to typical speakers.
A reduced working space can result in a less clear distinc-
tion between different articulatory gestures.

While the acoustic findings of the current work
largely align with prior work (e.g., de Bruijn et al., 2009;
Guo et al., 2023; Takatsu et al., 2017; Whitehill et al.,
2006), they are in contrast with the findings by Laaksonen
et al. (2010), who found no significant VSA reduction
postsurgery compared to presurgery, and Tienkamp et al.
(2023), who found no significant differences in the F; and
F> of corner vowels between ITOC and controls. This dis-
crepancy is likely due to differences in tumor and resec-
tion size. That is, half of our sample included speakers
treated for large tumors (T3-T4), whereas 80% of Laakso-
nen and colleagues’ sample had smaller T2 tumors. Addi-
tionally, most of our participants underwent a hemiglos-
sectomy, whereas in Tienkamp et al. (2023), two of the
five speakers received only a partial glossectomy.

Our finding that ITOC had lower speech intelligibil-
ity scores compared to typical speakers also highlights the
long-term effects of surgical treatment for more advanced
OSCC. The ITOC in our study, who were primarily
treated for advanced OSCC at least 1 year ago (M =
5.1 years), scored significantly lower compared to control
speakers. Our results contrast with speech intelligibility
scores of individuals treated for smaller tumors, as they
reach close to preoperative levels a year following surgery
or radiation (for systematic reviews, see Jacobi et al.,
2010; Lam & Samman, 2013).

Overall, our results showed that ITOC had worse
speech outcomes compared to typical speakers across all
assessed speech domains. While deficits in acoustic, kine-
matic, perceptual, and self-reported speech domains have
been established across prior work assessing one (e.g.,
Hagedorn et al., 2021; Laaksonen et al., 2010; Tienkamp
et al., 2023), two (e.g., Guo et al., 2023; Park et al.,
2016), or three (Acher et al., 2014; Wakumoto et al.,

1996) speech domains, no study has assessed all four
domains within the same speaker group. Comparing the
four speech domains in the same group of ITOC is impor-
tant because it remains relatively underexplored to what
extent speech problems found in one domain are associated
with problems in other speech domains. Our results directly
show the concurrence and relatedness of speech problems
across all four speech domains and further underscore the
need for the development of a comprehensive speech assess-
ment protocol for ITOC in a research setting, tailored to
address affected speech domains separately. Such a proto-
col could help to tease apart acoustic and kinematic contri-
butions to reduced functional speech outcomes, which in
turn could help to improve speech rehabilitation strategies.
Moreover, a standardized protocol could help to provide
better generalizability across studies. Reducing variability
in speech assessment methods is desirable given the consid-
erable variability in speech outcomes in ITOC.

While the absence of a standardized assessment pro-
tocol for ITOC has been problematized by Schuster and
Stelzle (2012) and some guidelines have been provided by
Clarke et al. (2016), no standardized protocol for assessing
speech outcomes in ITOC has been developed; this is in
part due to the lack of research on comprehensive speech
outcomes in ITOC. Hence, the current work adds to the
body of literature on speech outcomes in ITOC and is the
first work to demonstrate specific outcomes across the
acoustic, kinematic, perceptual, and self-reported domains.
Clarke et al. (2016) recommend the inclusion of both
oral-motor (e.g., a tongue range of motion task) and
articulatory strength and precision examination in ITOC,
but they do not recommend any specific tasks. Since the
established differences between ITOC and typical speakers
in our study were found in all assessed speech domains, our
results support the inclusion of acoustic, kinematic, and
perceptual measures of speech to determine articulatory
strength and precision in ITOC. Moreover, our results sup-
port the inclusion of a self-reported outcome measure con-
sidering the mean SHI score in our study (17.9) is well
above that of the mean of the typical controls (5.0)
reported in Van den Steen et al. (2011).

Interrelatedness of Speech Domains

Our second aim was to assess the interrelatedness
between the acoustic, kinematic, perceptual, and self-
reported speech domains between and within ITOC. Our
between-speaker correlation results indicated strong asso-
ciations between the acoustic (AAVS), perceptual (intellig-
ibility), and self-reported (SHI) domains for ITOC. This is
in line with previous research that found correlations
between articulatory—acoustics, quantified by the VSA/
AAVS, and perceptual measures of speech, quantified
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through speech intelligibility/clarity ratings (Turner et al.,
1995; Weismer et al., 2001; Whitfield & Goberman, 2014,
2017). A larger acoustic working space allows for a
greater distinction between individual phonemes, which
makes speech more intelligible as the chance of misidenti-
fying a particular phoneme becomes smaller. The associa-
tion between the SHI, speech intelligibility, and the AAVS
further agrees with prior work that found associations
between self-reported outcomes and speech intelligibility
(Park et al., 2016) and the size of the VSA (Guo et al.,
2023). Reduced intelligibility of speech may lead to
reduced participation in social interactions, especially
those in nonoptimal listening conditions (e.g., loud cafés),
which may negatively affect someone’s quality of life.
While the SHI does not measure social participation
directly, the scores of the SHI are known to correlate very
strongly (r = .89) with scores from the Communicative
Participation Item Bank questionnaire (Baylor et al.,
2013, 2021; van Sluis et al., 2023). Given the relationship
between the size of the AAVS and speech intelligibility, it
is perhaps not surprising that a larger AAVS is also
related to better speech-related quality of life.

In contrast to our between-speaker results, the
within-speaker correlations did not show similar patterns.
While a strong statistically significant positive correlation
was found between speech intelligibility and the acoustic
AAVS between speakers, only one speaker (NKI02; T2,
continuity resection with fibular reconstruction) showed a
moderate-to-strong positive correlation between speech
intelligibility and the acoustic AAVS, though it did
not reach statistical significance. The strong correlations
observed between different speech domains across individ-
ual speakers likely reflect differences in overall speech
severity, as more severe speakers consistently scored on the
lower end of the spectrum across multiple domains. In con-
trast, within-speaker correlations assess speech domains
along the same level of speech severity by definition, which
might limit the observed variability across domains if
unique stimuli are used (i.e., no repetitions of the same
material). Although our stimuli captured sufficient vari-
ability to detect associations between the articulatory—
acoustic and articulatory-kinematic domains for six
speakers, acoustic variation may have been too subtle to
influence intelligibility ratings. To elicit more robust
within-speaker variation to assess interrelatedness, future
work could include repetitions of the same material with
different speech style modifications (e.g., loudness, speed,
or clarity) as these style modifications have been shown
to result in associations between speech domains in typi-
cal speakers, but also in those with dysarthria (Mefferd,
2015; Mefferd & Green, 2010; Tjaden et al., 2013;
Tjaden, Sussman, & Wilding, 2014; Whitfield et al.,
2018; Whitfield & Goberman, 2017).
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Given that surgical or radiation-based treatments
for OSSC can result in reduced speech function compared
to presurgery and that our between-speaker correlation
results were largely driven by speech severity, longitudinal
assessment of speech domains in ITOC may also show
more robust within-speaker associations. If the AAVS can
capture treatment-induced differences in intelligibility or
self-reported speech problems within a single speaker, it
might serve as a clinically meaningful acoustic outcome
measure. Moreover, as the AAVS can be computed (semi)
automatically over running speech using our pipeline, the
measure also shows clinical applicability.

Our between-speaker results did not reveal a strong
association between the acoustic (AAVS) and kinematic
(AKYVS) vowel space measures in ITOC, which was not in
line with our prediction and earlier work that found a
relationship between the acoustic and kinematic VSA in
typical and dysarthric speakers (Lee et al., 2016, 2017,
Mefferd, 2015; Whitfield et al., 2018). Thus, a decrease in
the AAVS was not necessarily associated with a decrease
in AKVS-TT or AKVS-TB in ITOC. One possible expla-
nation is that the relationship between the AAVS and
AKYVS has only been verified for typical speakers, and not
those with atypical speech, such as ITOC (Whitfield et al.,
2018). While relationships between the acoustic and kine-
matic VSA have been documented in individuals with
Parkinson’s disease and amyotrophic lateral sclerosis (Lee
et al., 2017; Mefferd, 2015), these speakers had mechanically
intact speech-motor systems, whereas the ITOC included in
this study had anatomical alterations as a result of surgery.
Paired with the possibility of using the lips in a compensa-
tory manner and the notion that compensatory mechanisms
may differ as a function of tumor size and location, the rela-
tionship between articulatory—acoustics and kinematics
between-speaker in ITOC might be less straightforward
compared to populations studied in prior work.

A second explanation is that the relationship
between articulatory—acoustics and kinematics has been
strong for within-speaker comparisons but more inconsis-
tent for between-speaker comparisons due to individual
differences in vocal tract morphology and the presence of
motor equivalence strategies (Lee et al., 2016, 2017; Whit-
field et al., 2018). EMA provides considerably sparse
information as articulatory movements are only tracked
by single sensor coils on the tongue, jaw, and lips, which
may not fully capture individual differences in vocal tract
morphology or individualized motor equivalence strategies
(Kuo & Berry, 2023; Mefferd, 2017). The findings of the
current work are in line with this notion, as six (66%)
speakers showed at least moderate correlations between
the AAVS and the AKVS of the TT or TB, with correla-
tions ranging between .43 and .71. Of the six speakers,
four were treated for a jaw tumor, comprising 80% of the

Downloaded from: https://pubs.asha.org Bibliotheek Der Rijksuniversiteit on 07/01/2025, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions



jaw group, whereas two were treated for a tongue tumor,
representing 50% of the tongue group. While very prelimi-
nary, these results suggest that the relationship between
articulatory—acoustics and kinematics is compromised more
for those treated for tongue tumors. Surgical modification
of the tongue might result in more atypical movement com-
pared to treatment of the jaw, where the tongue muscula-
ture remains mostly unaltered, though mobility issues might
arise due to resection of the FOM or tethering of the ton-
gue to the FOM. However, these results need to be repli-
cated in future work with a larger sample size.

Four speakers (44%; two with a continuity resection,
one with a hemiglossectomy, and one speaker with multiple
resections on the mandible, tongue, and oropharynx) showed
near-perfect positive correlations (r; > .93) between the
movement size of the TT and the TB, with one additional
speaker showing a strong positive correlation of .83. This
finding may be in line with previous work that found that
ITOC have difficulty in controlling different parts of the ton-
gue in tandem (Acher et al., 2014; Hagedorn et al., 2021).
While the AKVS is only able to quantify movement size and
does not specify qualitative movement patterns, the TT and
TB serve different functions in speech production, and one
would not predict the movement size to overlap this much.
For example, the correlation between TT and TB movement
size for typical speakers was only .12 in our sample. The
findings of the current work further suggest that near-perfect
correlation of TT and TB movement size is associated with
low speech intelligibility as the four speakers had the lowest
speech intelligibility scores. As Hagedorn et al. (2021) note,
natural speech requires the coordination of different parts of
the tongue, as well as with other articulators as individual
gestures may temporally overlap. If this coordination breaks
down, increased overlap may occur, which could negatively
affect speech intelligibility. Future work may quantify the
rate of independent movement of different parts of the ton-
gue in ITOC to further assess this possibility.

Limitations

This study provided a comprehensive assessment of
the speech outcomes of ITOC compared to control speakers.
Nevertheless, there were several limitations. Firstly, we did
not collect any self-reported measures from the included con-
trol speakers, which precluded us from directly testing
whether ITOC had worse self-reported speech compared to
control speakers. However, considering that Van den Steen
et al. (2011) reported a mean SHI score of 5 in 73 typical
speakers, it can be assumed that the ITOC included in our
study had worse self-reported speech outcomes compared
to typical speakers as they had a mean SHI score of 17.9
(SD = 9.4). We further only analyzed sentence-level indi-
ces of movement size and did not focus on other global

measures (e.g., speed or duration) or more fine-grained
levels of analysis (e.g., individual phonemes). Future work
may investigate whether the association between the
acoustic and kinematic domains is stronger using different
or more fine-grained levels of analysis.

Secondly, the perceptual ratings of intelligibility and
listening effort provided by the inexperienced listeners had
moderate or poor between-raters reliability. One potential
explanation for the reduced reliability might be that lis-
teners rated a single sentence for each speaker and only
eight stimuli in total, which may have been too few to
reach strong between-raters agreement. As listeners were
not provided with examples or training, they might need
additional stimuli to fully calibrate their ratings consis-
tently, which may have led to additional variability across
ratings as all stimuli were presented in a random order
across participants. However, we opted for this methodo-
logical approach to avoid learning and familiarization
effects. A second reason for the poor between-raters agree-
ment for listening effort might be that additional factors
affect perceived listening effort ratings. For example, dif-
ferences in interpretation of the instruction by individual
speakers might cause additional disagreement (Alhanbali
et al., 2019). Moreover, ratings of listening effort are also
influenced by speaker characteristics, such as intelligibility,
speech rate, and voice quality (Borrie et al., 2012; Nagle,
2015; Whitehill & Wong, 2006). These speaker characteris-
tics might affect some listeners more than others, resulting
in lower agreement considering that most lists were rated
by two listeners only. Still, our reliability metrics for
speech intelligibility were slightly lower but comparable to
that of earlier work (Kim & Kuo, 2011; Kuruvilla-
Dugdale et al., 2019; Stipancic et al., 2016, 2023; Tjaden,
Kain, & Lam, 2014; Tjaden, Sussman, & Wilding, 2014).

Thirdly, the ITOC included in our study formed a
relatively small and heterogeneous cross-sectional cohort
in terms of tumor size, location, and reconstruction tech-
nique. This resulted in additional variability in our data as
outcomes following treatment for OSCC are highly vari-
able (Bressmann, 2021), making it difficult to draw strong
conclusions, especially in terms of the relationships
between articulatory—acoustic and kinematic measures and
self-reported and kinematic measures. Future research
should investigate the effect of tumor location in a more
controlled way and include a preoperative session to allow
for a comprehensive within-speaker analysis rather than a
comparison to a control group.

Conclusions

This study provided the first comprehensive assess-
ment of the speech outcomes of individuals surgically
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treated for OSCC (ITOC) across multiple speech domains
(acoustic, kinematic, and perceptual) compared to control
speakers. Compared to age- and sex-matched control
speakers, ITOC had smaller acoustic and kinematic vowel
spaces and lower speech intelligibility ratings, demonstrat-
ing the multifaceted nature of the speech problems experi-
enced by ITOC. In addition, the interrelatedness of speech
domains was assessed between and within ITOC. Between-
speaker correlations revealed strong relationships between
the acoustic, perceptual, and self-reported domains but no
relationship between acoustic and kinematic speech mea-
sures. Within-speaker correlations revealed no strong statis-
tically significant relationship between acoustic and percep-
tual measures, but stronger associations between acoustic
and kinematic measures were found. Collectively, our find-
ings suggest that to provide the most comprehensive
account of postoperative speech function in ITOC, speech
assessment protocols should include both articulatory—
kinematic and articulatory—acoustic measures of speech
alongside perceptual and self-reported measures, as mea-
sures seem to provide complementary information.
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Appendix A
North Wind and the Sun Passage

Dutch text as included in the present study. Square brackets ([]) denote the eight individual stimuli.

[De noordenwind en de zon waren erover aan het redetwisten wie de sterkste was van hen beiden.] [Juist op dat moment
kwam er een reiziger aan, die gehuld was in een warme mantel.] [Ze waren het erover eens dat degene die er als eerste in
slaagde de reiziger zijn mantel uit te doen, als sterker moest worden beschouwd dan de ander.] [De noordenwind begon
toen uit alle macht te blazen.] [Maar hoe harder hij blies, des te dichter trok de reiziger zijn mantel om zich heen.] [Ten lange
leste gaf de noordenwind het op.] [Daarna begon de zon krachtig te stralen, en hierop trok de reiziger onmiddellijk zijn
mantel uit.] [De noordenwind moest dus wel bekennen dat de zon van hen beiden de sterkste was.]

Appendix B
Dutch Translations of the Percepts of Intelligibility and Listening Effort

Verstaanbaarheid

De mate in hoeverre de spraak te verstaan is en de boodschap/inhoud te volgen is.
Score 0: Ik heb niks van het fragment verstaan
Score 100: |k heb alles van het fragment verstaan

Luister moeite

De moeite, concentratie, of energie die het kost om het fragment te verstaan.
Score 0: Het kostte totaal geen moeite

Score 100: Het kostte extreem veel moeite
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