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Objectives: Although facial transplantation is considered effective for restoring facial appearance, research on speech
outcomes following surgery is limited. More research is critically needed to inform patients of expected rates and extent of
recovery, and to develop interventions aimed at improving speech outcomes.

Methods: Four patients in early recovery (3 weeks–24 months postsurgery) and three patients in late recovery
(36–60 months postsurgery) were included. Clinical measures of speech recovery, including speech intelligibility measured using
the Sentence Intelligibility Test, a lip strength testing device (Iowa Oral Performance Instrument), and kinematic measures of lip
and jaw function measured using high-resolution 3D optical motion capture were used to describe the rate and extent of func-
tional speech and lip recovery, describe and compare the rate of functional speech recovery and kinematic lip and jaw changes in
early and late stages of recovery, and explore the association between kinematic measures and functional speech.

Results: Speech intelligibility, speaking rate, and lip strength were below normative values in the first 2 years of post-
surgery. Participants in the first 2 years of recovery demonstrated steeper slopes of improvement in clinical and kinematic
measures than participants in the later stages of recovery (36–64 months). Gains in jaw range of movement and gains in lip
speed and range of movement were significantly correlated with rates of sentence intelligibility improvement. Gains in lip
strength were not associated with functional speech improvement.

Conclusions: These findings motivate ongoing work aimed at developing interventions for improving motor speech func-
tion in this population.
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INTRODUCTION
To date, upwards of 40 facial transplantation surger-

ies have been performed worldwide. Although the surgery
is widely considered effective for restoring facial appear-
ance, several recent case reports suggest that clinically
observable speech deficits persist for years following sur-
gery.1,2 At 1-year posttransplant, Van Lierde et al.,
described improved but still impaired speech deficits in a
single patient. The speech impairments noted after

1-year posttransplant included moderate hypernasality,
mild misarticulations, and lip closure incompetence.2 In
five patients, including two who were up to 42 months
postsurgery, Perry et al. described persistent deficits in
lip strength, articulation of bilabial sounds, and speech
intelligibility.1 The enduring deficits found by Perry et al.
suggest that recovery of functional speech may continue
beyond 3.5 years following surgery.1

While informative for understanding impairments in
patients postsurgery, the findings of previous studies are
limited by their relatively short follow-up periods,2,3 sin-
gle case study design,2–4 and cross-sectional analyses.1

More longitudinal research on speech recovery is criti-
cally needed to (1) better inform patients regarding the
expected rate and extent of recovery, (2) evaluate the
impact of varying surgical procedures on speech function,
and (2) develop evidence-based interventions aimed at
improving speech outcomes. In this study, we extended
the work of Perry et al.1 by incorporating a larger sample
size, implementing a longitudinal paradigm, and incorpo-
rating biomechanical data to further our understanding
of the trajectory of motor speech impairment and recovery
in this population. To our knowledge, this is the largest
facial transplant cohort reported on to date. To better
understand the mechanisms of improvement, we also
analyzed facial motor recovery via lip strength testing
and high-resolution 3D optical facial motion capture. The
three aims of the work were (1) to describe the rate and
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extent of functional speech and lip recovery, (2) to
describe and compare the rate of functional speech recov-
ery and kinematic lip and jaw changes in early and late
stages of recovery, and (3) to explore the association
between kinematic measures and functional speech to
improve our understanding of underlying mechanisms of
motor speech recovery in this population.

METHODS

Participants
The study was approved by the Brigham and Women’s Hos-

pital Institutional Review Board. All patients provided written
informed consent. Patients who had received either a full or

partial face transplantation at the Brigham and Women’s Hospi-
tal between 2011 and 2019 were eligible for the current study,
except for one who developed a virus unrelated to surgery caus-
ing unilateral facial paralysis. For some, data collection began
shortly after surgery, and baseline and follow-up sessions
occurred within the first 24 months following surgery (early post-
surgical recovery group—P01, P02, P03, P04). At the time of
study initiation, other participants (late-postsurgical recovery
group—P05, P06, P07) underwent their assessments between
36 and 64 months after facial transplantation surgery (Table I).

Clinical Assessment
Sentence-level intelligibility for each patient was obtained

using the Sentence Intelligibility Test (SIT)5 and word-level

TABLE II.
Functional Speech and Lip Strength Recovery.

Year 0–1 (PO1, PO2,
PO3, PO4)

Year 1–2 (PO1, PO2,
PO3, PO4)

Year 3–4 (PO5,
PO6, PO7)

Year 4–5 (PO5,
PO6, PO7) Normal

Sentence intelligibility (mean
[SD])

60% (�43) 80% (�20) 96% (�3) 97% (�2) >97%23

Word intelligibility (mean
[SD])

83% (�14) 87% (�11) 95% (�4) 96% (�3) >97%23

Speaking rate (mean [SD]) 120 wpm (�16) 140 wpm (�31) 182 wpm (�40) 170 wpm (�29) >150 wpm29

Lip strength (mean [SD]) 0 kPa (�0) 2 kPa (�0.5) 6 kPa (�4) 8 kPa (�3) 11.4–14.5 kPa13

wpm = word per minute.

Fig. 1. The right plots represent the slope of change in kinematic measures extracted from the jaw-driven lip movements for each participant.
The left plots represent the slope magnitude of observed changes in kinematic measures extracted from jaw-driven lip movement from base-
line to follow-up sessions. [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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intelligibility was obtained using the Word Intelligibility Test
(WIT).6 Each participant read a unique set of 11 sentences for the
SIT and a set of 70words for theWIT at their habitual speaking rate
and volume. Speech samples were recorded digitally (44.1 kHz sam-
pling rate) using a professional quality microphone. Although hear-
ing was not formally tested, it was judged to be adequate during
conversational speech for all participants. Trained lab assistants,
all of whom were native English speakers reporting no history of
language disorders or hearing loss, listened to the recorded samples.
For the SIT, sentences were orthographically transcribed, and the
total number of words correctly transcribed by the listener was
divided by the total number of words spoken by the participant to
obtain the percentage of words correctly transcribed (sentence intel-
ligibility percentage). For the WIT, listeners identified each word
that the participant said from four options. The total number of
words correctly identified by the listener was divided by the total
number of words in the set to obtain the percentage of words cor-
rectly identified (word intelligibility percentage). The SIT was also
used to obtain speaking rate, measured in words per minute (wpm)
for each participant. For each sentence on the SIT, the number of
words in the sentence was divided by the duration of the sentence in
1 min. This value was averaged across the 11 sentences to yield an
overall speaking rate.7

Kinematic Assessment
Orofacial movements were recorded using three-dimensional

(3-D) motion capture (Motion Analysis, Rohnert Park, CA). Three-
dimensional motion capture analysis is commonly used to describe

motor speech kinematics in both healthy and impaired
populations.8–10 Procedures used for kinematic data collection,
marker placement, movement subtraction, and extraction of kine-
matic measures from the “nose top center,” the “center lower lip,”
and the “virtual jaw center” markers were the same as those
described in detail in Eshghi et al.11 Lower lip movement was repre-
sented in two ways: (1) movements of the underlying jaw included
(lower lip + jaw) and (2) independent from the movements of the jaw
(lower lip � jaw).11

Each participant performed 10 repetitions of the phrase
“buy Bobby a puppy” at his or her typical speaking rate and vol-
ume. The average speed of movement (mm/s) and range of
motion (mm) from lower lip � jaw movement time-series were
calculated from speech samples using a customized MATLAB
algorithm.12 Each 3-D positional time-series was represented as
the 3-D Euclidean distance between the markers. Average speed
was calculated as the average value in the first derivative of the
3-D Euclidean distance movement time history. Range of motion
was measured as the change in distance between the maximum
opening and closing positions during speech. Average speed and
range of motion values obtained across the 10 repetitions were
averaged for each participant. Because normative values for
kinematic speech features are not well established, kinematic
speech measures were not used to describe the extent of speech
recovery relevant to normative data.

The Iowa Oral Performance Instrument (IOPI Medical Inc)
was used to measure lip closure strength. Maximum lip compres-
sion strength (kPa) was obtained by asking participants to
squeeze a pressurized balloon between their lips with maximal
effort. The patient was asked to squeeze the balloon three times

Fig. 2. The right plots represent the slope of change in kinematic measures extracted from lip movement (independent of the jaw) for each par-
ticipant. The left plots represent the slope magnitude of observed changes in kinematic measures extracted from lip movement (independent
of the jaw) from baseline to follow-up sessions. [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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each at three positions of the mouth (left angle of mouth, right
angle of mouth, and center of lips). The average value of these
nine trials was considered maximal lip pressure for each
participant.

Statistical Analysis
The slopes of change in kinematic (i.e., average speed and

range of lip � jaw movement) and clinical measures (i.e., word
and sentence intelligibility scores, speaking rate, and lip

Fig. 3. The right plots represent the slope of change in clinical measures (sentence and word intelligibility scores, speaking rate, and lip
strength) for each participant. The left plots represent the slope magnitude of observed changes in clinical measures from baseline to follow-
up sessions. [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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strength) were calculated from baseline to follow-up sessions for
each participant. Independent-sample t-tests were used to statis-
tically compare the rate of improvement in kinematic and clinical
measures during the first 23 months and between 36 and
64 months postsurgery. Pearson correlation analyses were per-
formed to examine the association between the slope of change in
kinematic measures (average speed and range of lip � jaw move-
ment and lip strength) and the slope of change in functional
speech measures (sentence intelligibility, word intelligibility, and
speaking rate). All statistical analyses were performed in R-
statistical software version 4.0.2 (R development core team,
2013) and an α-level of 0.05 was set as the level of significance.

RESULTS

Participants
Seven patients who had received either a full or par-

tial face transplantation at the Brigham and Women’s
hospital were included in the study. Each patient
received a facial graft from their donor, which included

varying amounts of soft tissue, facial musculature, nerve,
and bone as well as facial nerve coaptations leading to
the upper and lower lip. The median age of the partici-
pants was 38 years (IQ range: 31–58). Demographic infor-
mation, including age, gender, and details of the
transplant are included in Table I. The median time
between data collection sessions was 20 months
(IQ range: 18.5–24).

Extent of Functional Motor Speech Recovery
Speech intelligibility, speaking rate, and lip strength

were well below normative values in the first 2 years fol-
lowing surgery (Table II). Two of the three participants,
who had reached the 5-year postsurgery mark, achieved
sentence intelligibility within the normal range. Subjec-
tively, occasional misarticulations of bilabial sounds were
observed even in participants with intelligibility scores in
the normal range. Although all participants were able to

TABLE III.
Mean (SD) of Kinematic Measures Obtained From Each Participant.

Subject Group Session

Lip + Jaw Lip � Jaw

Average Speed (SD) Range (SD) Average Speed (SD) Range (SD)

P01 1 1 22.781 (3.16) 5.573 (0.31) 3.861 (1.38) 1.473 (1.51)

2 62.292 (9.32) 14.298 (0.87) 11.66 (3.69) 3.251 (1.12)

P02 1 1 32.68 (1.81) 11.325 (0.68) 6.776 (0.67) 2.493 (0.39)

2 60.685 (46.99) 18.21 (11.33) 8.104 (4.83) 2.702 (1.23)

P03 1 1 26.945 (2.11) 7.91 (0.50) 5.923 (0.64) 1.715 (0.131)

2 54.64 (4.39) 16.103 (1.52) 12.436 (1.66) 4.464 (0.92)

P04 1 1 38.53 (7.27) 14 (1.70) 13.601 (2.77) 4.448 (0.72)

2 50.566 (4.94) 16.5 (2.01) 16.913 (1.64) 5.313 (0.92)

P05 2 1 44.6456 (2.02) 13.31 (1.06) 7.98 (0.51) 3.252 (0.67)

2 55.269 (5.16) 12.84 (0.83) 9.751 (1.18) 2.865 (0.52)

P06 2 1 102.025 (8.93) 19.497 (2.55) 15.975 (2.01) 3.826 (0.59)

2 102.639 (9.41) 22.699 (1.58) 18.511 (1.91) 4.346 (0.47)

P07 2 1 93.874 (8.06) 17.774 (1.90) 12.628 (0.65) 2.808 (0.32)

2 93.125 (3.82) 18.69 (0.89) 9.243 (1.63) 2.28 (0.49)

TABLE IV.
Comparisons of the Slope of Change in Kinematic and Clinical Measures During 0–23 Months Postsurgery and 36–64 Months Postsurgery.

0–23 Mo 36–64 Mo t-Tests 95% CI Cohen’s d
Mean (SD) Mean (SD) p-Value Upper Limit, Lower Limit Effect Size

Kinematic measures

Slope of lip + jaw average speed 1.775 (0.70) 0.135 (0.24) 0.013 0.579, 2.702 2.91

Slope of lip + jaw range of movement 0.442 (0.21) 0.061 (0.09) 0.027 0.069, 0.693 2.25

Slope of lip � jaw average speed 0.290 (0.15) 0.014 (0.15) 0.064 �0.024, 0.578 1.88

Slope of lip � jaw range of movement 0.089 (0.08) �0.004 (0.03) 0.087 �0.022, 0.208 1.52

Clinical measures

Slope of % sentence intelligibility 1.212 (1.07) 0.025 (0.04) 0.195 �1.467, 3.842 1.57

Slope of word intelligibility 0.539 (0.51) 0.035 (0.14) 0.141 �0.273, 1.281 1.25

Slope of Sentence Intelligibility Test speaking rate 1.366 (0.75) �0.661 (0.87) 0.032 0.283, 3.771 2.53

Slope of lip strength 0.134 (0.05) 0.014 (0.02) 0.014 0.041, 0.199 2.67

The number of subjects in the early and late-post surgery groups was 4 and 3, respectively.
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achieve complete lip closure, significant deficits in lip
strength continued even in participants at five-five years
post-surgery.

Rate of Functional and Kinematic Motor Speech
Recovery

All participants with baseline and follow-up data
between 0 and 23 months postsurgery demonstrated
improvement in all kinematic and clinical measures. The
changes in kinematic and clinical measures demonstrated
inconsistent trajectories in participants whose baseline
and follow-up sessions occurred after 36 months post-
surgery (Figs. 1–3).

Table III demonstrates the mean (SD) of kinematic
measures obtained from each participant. On average, par-
ticipants demonstrated steeper slopes of improvement in
both kinematic and clinical measures during the first
2 years after facial transplantation and continued to show
oromotor recovery, albeit at a slower rate, from 36 to
64 months postsurgery. Improvements in average speed
and range of lip + jaw speaking rate and lip strength were
significantly faster during the first 23 months following
surgery than after the second year (p < 0.05) (Table IV).
No significant differences were observed between partici-
pants at early and late stages of recovery in terms of the
rate of improvement in kinematic measures extracted from
the lip movement that was independent from that of the
jaw (p > 0.05). There were no differences in the rate of
change of word and sentence intelligibility scores between
the early and late groups of participants (p > 0.05).

Association Between Kinematic Factors and
Functional Motor Speech Recovery

There were significant correlations between the rate
of sentence intelligibility improvement and lip + jaw range

of movement improvement, as well as lip-jaw average
speed and range of movement improvement (p < 0.05).
Similarly, the rate of word intelligibility improvement was
significantly correlated with changes in the lip-jaw average
speed and range of movement (p < 0.05). The rate of
improvement in speaking rate had a significant association
with the rate of improvement in lip + jaw speed and range
of movement (p < 0.05). The relationships between
improvements in functional speech measures and lip
strength were not significant (p > 0.05) (Table V).

DISCUSSION
In this article, we report the rate of speech and

oromotor recovery following facial transplantation. Our
analyses revealed three primary findings: (1) functional
speech improvements and kinematic changes of the lip
and jaw were greatest during the first 2 years of recovery;
(2) lip strength never fully recovered; and (3) increases in
lip and jaw movement range of motion and speed were
strongly associated with functional speech gains,
suggesting a causal link between persistent facial motor
impairments and speech deficits. These findings will help
inform future surgical procedures and motivate ongoing
work aimed at developing therapeutic interventions for
improving motor speech function in this population.

Improvements in Speech Movements and
Function Occur Primarily in the First 2 Years
Following Surgery

In our cohort, large gains in both kinematic and clin-
ical measures of motor speech performance occurred in
the first 2 years following surgery. These findings support
work by Van Leirde et al., who reported that for a single
patient, intelligibility improved most significantly in the
first year following transplantation and that intelligibility

TABLE V.
Correlations Between the Rate of Improvement in Kinematic Measures and Speech Functional Measures.

Speech Measures Biomechanical Measures Pearson Correlation Coefficient p-Value

Slope of % sentence intelligibility Slope of lip + jaw average speed 0.756 0.082

Slope of lip + jaw range of movement 0.816 0.047

Slope of lip � jaw average speed 0.811 0.050

Slope of lip � jaw range of movement 0.909 0.012

Slope of lip strength 0.628 0.256

Slope of word intelligibility Slope of lip + jaw average speed 0.474 0.282

Slope of lip + jaw range of movement 0.560 0.191

Slope of lip � jaw average speed 0.768 0.044

Slope of lip � jaw range of movement 0.891 0.007

Slope of lip strength 0.789 0.062

Slope of Sentence Intelligibility Test speaking rate Slope of lip + jaw average speed 0.948 0.001

Slope of lip + jaw range of movement 0.778 0.039

Slope of lip � jaw average speed 0.573 0.179

Slope of lip � jaw range of movement 0.448 0.314

Slope of lip strength 0.622 0.188
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remained mildly impaired at 21 months postsurgery.2

After 3 years postsurgery, changes in both kinematic and
clinical speech measures were inconsistent across both
patients and tasks, with different patients improving on
different measures. This finding may be, partially, the
result of heterogeneity in our cohort and the inability to
account for all factors impacting speech motor control
along the trajectory of recovery (e.g., varying patterns of
muscle reinnervation, the emergence of other health con-
ditions, graft rejection episodes, cognitive–mental health
status). Although our dataset had a gap between years
2 and 3 postsurgery, most participants in the early group
achieved measures within range of the late recovery
group by year two following surgery across all measures
except for lip strength. Measures of lip strength at year
two for the early group are much smaller than measures
of lip strength around year three for the late group. The
large gap between the early participants’ average lip
strength at the 2-year time-point and the late partici-
pants’ lip strength at the 3-year time-point may suggest
that lip strength has its fastest recovery rate during this
2–3 year time interval during which we are currently lac-
king data. An improved understanding of speech motor
recovery will require more densely sampled data during
the second and third years of recovery.

Lip Strength Deficits are Significant and Persist
for Years Following Surgery

At 5 years postsurgery, all participants continued to
demonstrate persistent, significant lip weakness compared
to that of healthy controls, which range from 11.4 kPa to
14.5.13 Similar to the previous findings discussed with func-
tional speech and speech movement recovery, the largest
gains in lip strength in our cohort occurred in the first
2 years following surgery. These findings are consistent
with Van Leirde et al., who reported that their patient had
severe lip weakness until 12 months, at which time lip
strength improved but remained decreased relative to
healthy controls. Because the muscle activation levels and
force generation needed to produce speech are small, and
are only a fraction of the maximum muscle activation and
force possible,14–16 the strength of articulators is typically
not associated with speech intelligibility.17–19 Accordingly,
improvements in lip strength were not associated with
improvements in functional speech in our cohort. Although
functional speech (i.e., high levels of intelligibility) was
grossly attained by the 5-year postsurgery mark in many
patients (reported here and in previous work, including
Fischer et al.20), ongoing deficits in the control of the articu-
lators may have implications for communicative participa-
tion, quality of life, and chewing–swallowing function.21–23

Improvements in Speech Function are Driven by
Increases in Articulator Speed and Range of
Movement

Findings in the current study demonstrate that both
speech intelligibility and speaking rate, widely-used clini-
cal measures of speech function,24 were associated with
improvements in distinct articulatory movement speeds

and range of motion. These strong associations indicate
that recovery of specific articulator movements may
underlie improvements in functional speech.

Improvements in Speech Intelligibility are
Driven by Gains in Lip Speed and Lip and Jaw
Range of Motion

Previous work has shown that the ability to achieve
adequate lip closure for producing labial consonants dur-
ing speech is impaired, particularly during the early
stages of recovery postfacial transplantation.1 While
gains in lip strength were not associated with gains in
speech intelligibility in our study, interestingly, gains in
range of lip movements and lip movement speeds were.
The relationship between parameters of lip movement
and intelligibility agrees with previous work by Rong
et al. who found that among the four speech subsystems,
the articulatory system contributed to over half of the
variance in intelligibility.25

While speculative, we hypothesize that increased
jaw opening early in recovery may be a compensatory
mechanism for decreased lip movement. Among the artic-
ulators, jaw motor functions appear to be particularly
robust to neuromotor damage26,27 and individuals with
neuromuscular diseases, such as amyotrophic lateral scle-
rosis, have been shown to use jaw movement to compen-
sate for decreased tongue movement.8,28,29 We
hypothesize that individuals following facial transplanta-
tion may be able to use jaw movements to their advan-
tage in their pursuit of functional speech.

Improvements in Speaking Rate are Driven by
Increases in Jaw Speed and Range of Movement

A final finding from this study is that improvements in
speaking rate were associated with increases in jaw speed
and range of motion. Jaw rotation and translation can be
restricted in all dimensions depending on the surgery. Early
period postsurgery, jaw movements were relatively small in
the vertical directions, which coincided with slow speaking
rates (for comparison, speaking rate of healthy individuals
has been reported to be from 160 to 200 wpm).8,30 Over the
first 2 years following surgery, jaw speed and range of
movement in the vertical direction significantly increased.
These findings are consistent with work by Grigos et al.,
who described increased jaw displacement during speech in
a single patient over 13-months of recovery.3 For some
patients who receive osteocutaneous transplants that
include the mandible, early limited jaw function that
increases over time would be expected as part of recovery.
The restrictions were most evident in our findings that jaw
range of motion was small early postsurgery, and increased
over time. Moreover, this increase was associated with an
improved speech outcome—an increase in speaking rate

In our cohort, all patients, regardless of mandible
involvement during surgery, presented with increasing
jaw movements over the first 2 years of surgery. Increas-
ing jaw movements may be a compensatory strategy used
to accommodate compromised lip control, and is in con-
trast with the more economical strategy used by many
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healthy speakers, which is to minimize the excursion of
the jaw to speak faster.10,31,32 Similar findings of an over-
reliance on the jaw, even at the late stage of recovery
postfacial transplantation, were found by Eshghi et al.
These findings suggest that surgical techniques and pro-
cedures promoting maximal lip and jaw function may
improve long-term motor speech outcomes.

Study Limitations
Due to the small number of patients included in this

study, the time gap between 23 and 36 months postsurgery,
and the large heterogeneity of nonsurgical and surgical fac-
tors (i.e., extent of transplant, complications posttransplant,
etc.) among patients in this population, it is difficult to
extrapolate the present findings beyond the current study.
Given the sample size is small, t-test may not be an optimal
statistical approach. As such, we included the 95% confi-
dence interval and the Cohen’s d effect sizes for a more reli-
able interpretation of the data. Additional longitudinal data
spanning from pretransplant between 0 and 5 years is
needed to provide a more complete picture of recovery.
Lastly, because electromyography was not performed, the
contributions of individual facial muscles to speech move-
ments cannot be determined. Although beyond the scope of
the current study, additional work is required to account for
the impact of factors such as transplant type and extent,
level of facial nerve adaptation, revision surgeries, and allo-
graft rejection episodes on recovery.

CONCLUSIONS
The current study highlights both functional speech

improvements and kinematic changes of the lip and jaw
over the first 5 years of recovery. To our knowledge, this
work represents the most complete report of motor speech
recovery following facial transplantation surgery to date
and sheds light on future areas of exploration. Future
work from our laboratory will focus on assessing the effi-
cacy of physiologically based exercise protocols aimed at
improving functional speech and orofacial motor recovery
following surgery, which is critical for optimizing func-
tional speech in this population. In addition, incorporat-
ing surgical data with kinematic data to explore
predictors of functional speech recovery would help sup-
port patient decision-making and clinical management of
speech impairments in this population.
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