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Paradoxically, improvements in emergency medicine have increased
survival albeit with severe disability ranging from quadriplegia to
“locked-in syndrome.” Locked-in syndrome is characterized by intact
cognition yet complete paralysis, and hence these individuals are
“locked-in” their own body, at best able to communicate using eye
blinks alone. Sniffing is a precise sensory-motor acquisition entailing
changes in nasal pressure. The fine control of sniffing depends on
positioning the soft palate, which is innervated by multiple cranial
nerves. This innervation pattern led us to hypothesize that sniffing
may remain conserved following severe injury. To test this, we de-
veloped a device that measures nasal pressure and converts it into
electrical signals. The device enabled sniffs to control an actuator
with speed similar to that of a hand using a mouse or joystick. Func-
tional magnetic resonance imaging of device usage revealed a
widely distributed neural network, allowing for increased conserva-
tion following injury. Also, device usage shared neural substrates
with language production, rendering sniffs a promising bypass
mode of communication. Indeed, sniffing allowed completely para-
lyzed locked-in participants to write text and quadriplegic partici-
pants to write text and drive an electric wheelchair. We conclude
that redirection of sniff motor programs toward alternative func-
tions allows sniffing to provide a control interface that is fast, accu-
rate, robust, and highly conserved following severe injury.
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Paradoxically, improvements in emergency medicine have ren-
dered injuries previously fatal into injuries that are now sur-

vived yet accompanied by life-long severe disability ranging from
quadriplegia to “locked-in syndrome” (1, 2). Locked-in syndrome
is characterized by intact cognition yet complete paralysis (3–5),
and hence these individuals are locked-in their own body, com-
pletely dependent on assistive technology. The locked-in state may
follow stroke or trauma, and is also often the end stage of amyo-
trophic lateral sclerosis (6).
The most appealing prospect in assistive technology for the se-

verely disabled is a genuine brain–computer or brain–machine
interface (BCI/BMI), where brain activity would be harnessed
(either invasively or noninvasively) to directly control devices
(7–12). Although significant progress toward true BCIs has been
made (10, 11, 13–15), these devices have yet to provide a solution
for the masses of severely disabled (16). In contrast, slower
measures dependent on autonomic functions such as salivary pH
(17) or brain activity asmeasured with functionalMRI (fMRI) (18,
19) both provide valuable windows of communication, but neither
allows rapid self-expression. Thus, currently available means of
communication and environmental control for high-level spinal
cord injury rely on capturing residual control of organs such as the
head (20) or tongue (21), and solutions for locked-in syndrome rely
on capturing residual control of the sphincter muscles or eye
movements (22–24). Although these and other approaches provide
solutions (25), there remains a profound need for effective human-
to-machine interfaces that will function in severe disability (26).
Whether inspiratory air is directed through the mouth as an

inspiration or through the nose as a sniff is determined in part by

positioning of the soft palate. Whereas a closed soft palate allows
only oral airflow, an open soft palate allows nasal airflow (27). The
resultant sniffs are highly coordinatedmotor acts directed at sensory
acquisition (28, 29). Humans can rapidly modulate their own sniffs,
changing airflow rate within 160 ms in accordance with odorant
content (30). Furthermore, overall sniff duration (31) and pattern
(32) are modulated in real time to optimize olfactory perception.
In other words, sniffs may be used to convey a highly accurate
binary signal (sniff onset or offset), as well as a highly accurate an-
alog (sniff magnitude and duration) and directional (“sniff in” or
“sniff out”) signal. Furthermore, because the soft palate is in-
nervated by multiple cranial nerves (33, 34), we hypothesized that
sniff modulation may remain highly conserved following injury. To
test this, we built a sniff-dependent interface we call the sniff con-
troller. The devicemeasures changes in nasal pressure, or sniffs, that
change as a function of soft-palate positioning (Fig. 1 A and B). We
then set out to test its use in both healthy and disabled participants.

Results
To ask whether the sniff controller can “press a button” as would
a healthy hand, we measured the performance of 36 healthy par-
ticipants who played a series of computer games using either
a computer mouse, a gaming joystick trigger, or the sniff controller
(here sniff magnitude beyond a set threshold pressed the button).
Despite life-long experience with the former, sniff-controller re-
action time was equal to that of the mouse and joystick trigger (all
Tukey P > 0.05) (Fig. 1 C and D). Furthermore, whereas reaction
time was constant throughout the 5-min game for both the mouse
and joystick, it in fact diminished over time (i.e., performance
improved) for the sniff controller (P < 0.02) (Fig. 1 F and G).
Finally, game 2 called for pressing the button as a function of
a moving cursor’s location, and thus also provided a measure of
accuracy in addition to latency. Sniff-controller accuracy was
equal to that of the mouse or joystick [distance accuracy (pixels):
mouse = 25.35 ± 6.2, joystick = 26.91 ± 6.5, sniff controller =
26.35± 6.33; F=0.5, P=nonsignificant (NS)] (game 3 in Fig. S1).
In other words, sniffs can provide rapid and accurate control.
The sniff controller reflects changes in nasal pressure following

positioning of the soft palate, yet the origin of the air passed
through the nose is inconsequential to this. With artificially
respirated individuals in mind, we developed the passive sniff con-
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troller. Here a small pump is used to generate a low-flow (3 L/min)
stream of air into a nasal mask. The sniff controller measures
pressure in this mask (Fig. S2). Opening the soft palate reduces
mask pressure (as air can escape into the nose), and closing the soft
palate increasesmaskpressure.This generates a signal independent
of respiration. We tested this passive version in 10 healthy partic-
ipants using a computer game, and found that it allowed fast
responses, albeit slightly slower than that of a mouse or joystick
trigger (TukeyP=0.057) (Fig. 1E). Thus, the sniff controller can be
used independently of respiration.
We next replaced the gaming software with text-writing software

that allowed selecting letters from the alphabet and words from
a word-completion list (Movie S1). Two healthy subjects then used
the passive sniff controller to write text while holding their breath
for extended periods of time (to simulate a person without respi-
ration). These subjects were able to write with the passive sniff
controller (while not breathing) at a rate of a signal every 3.2 ±

0.14 s. Using word completion, this allowed these subjects to write
a sentence containing 43 letters within 289± 55 s, or in other words
at 6.73 s per letter (Movie S1). Implementation of intelligent word
completion and writing codes (35) may allow normal writing speed
at this signal-generating rate.
To investigate the neural substrates of using the sniff controller,

we used fMRI to measure the brain response in 12 healthy par-
ticipants during volitional closing and opening of the soft palate.
We used a block-design paradigm where subjects alternated be-
tween 32 s of repeatedly opening and closing of their soft palate
versus 32 s of rest. This can be thought of as a soft-palate equiv-
alent of the classic finger-tapping task. Soft-palate positioning was
monitored in real time using both spirometry and an MR acqui-
sition that contained the soft palate itself.
Consistent with the neural representation of sniffing (36, 37),

volitional motor control of the soft palate involved a large network
of brain structures (Table S1). These regions included several
cortical (supplementary motor area BA6) and subcortical (left and
right cerebellum) substrates, as well as a clear representation of
soft-palate positioning within classical language areas, particularly
in the Pars opercularis (Broca, BA44) (Fig. 2 and Fig. S3). This
commonality with language production further implicates the sniff
controller as a potentially intuitive alternative to language pro-
duction. These results in healthy participants encouraged us to test
our device in locked-in individuals.
We approached LI1, a 51-y-old woman who was locked-in

following a stroke that occurred ∼7 mo prior (Fig. S4). LI1 had no
peripheral motion, was unable to generate well-controlled eye
blinks, and was trachiated yet breathing independently. Although
most of LI1’s respiratory flow passed in and out through the tra-
chea, we hypothesized that if she opened her soft palate, a portion
of the respiratory flow would be detected at the nose as a sniff. We
accommodated LI1 with the sniff controller linked to biofeedback
software (Fig. 3 B and C). Whereas LI1 was initially unable to
direct airflow through her nose, she gained the ability over time
such that after 19 d of 20 min/d of practice, LI1 generated a sniff
within 2.3 ± 1.14 s of an instruction to do so (Fig. 3D). At this
stage, we replaced the biofeedback software with text-writing
software that allowed LI1 to sniff at an appropriate time to select
letters from the alphabet and words from a word-completion list
(Fig. 4A and Movie S2). LI1 started writing with this device at
once, initially answering questions, and after a few days generated
her first poststroke meaningful self-initiated communication that
entailed a profound personal message to her family. LI1 continues
to use the device as her sole means of self-initiated meaningful
expression. Hermean time per letter improved from 26.93± 15.81
to 20.66 ± 8.92 s (r= 0.44, P < 0.01) within 20 d (Fig. 4B), but has
not further accelerated. To estimate the number of errors LI1
makes at this writing rate, we provided her with a daily task of
writing (from memory) the beginning of a familiar Israeli song
containing 78 characters (with spaces). Her mean number of
errors (i.e., selecting the wrong letter, and then correcting using
the backspace) across 10 d of practice was 13 ± 9.34 (∼17%).
Encouraged by the results with LI1, we approached LI2, a 42-y-

old man who was locked-in for∼18 y following a car accident (Fig.
S4). LI2 had no peripheral motion, and communicated by blinking
of one eye. A past attempt to apply an eye tracker had failed
because LI2 “did not like it,” and LI2 remained dependent on the
ability of his caretakers to read his eye blinks. Like LI1, LI2 was
trachiated yet breathing independently.
Unlike LI1, LI2 did not require a biofeedback training phase.

LI2 generated a sniff at first try, and used the sniff controller to
write his own name within 20 min of first fitting the device. LI2
compared the device to his previous experience with an eye
tracker, writing that it is “more comfortable and more easy to
use.” His average time per letter decreased within 3 wk from
60.67 ± 52.79 to 49.33 ± 36.17 s (r = 0.2, P = NS) (Fig. 4C). LI2
continues to use the sniff controller regularly.

Fig. 1. Sniffs provide rapid and accurate control. (A) The nasal cannula used
to carry nasal pressure to the sensor. (B) The sniff controller. (C) Reaction time
(RT) for game 1 using a mouse (M), joystick (J), or sniff controller (SC) [game 1
RT (s): M = 0.27 ± 0.06, J = 0.25 ± 0.05, SC = 0.27 ± 0.07; F = 3.78, P < 0.03,
reflecting faster J thanM (Tukey P < 0.04) but no other significant differences;
game 2 RT (s): M = 0.63 ± 0.4, J = 0.58 ± 0.3, SC = 0.61 ± 0.4; F = 0.44, P = NS]. (D)
Activation accuracy (distance from target in pixels) for game 2 using a mouse,
joystick, or sniff controller. (E) Reaction time using amouse, joystick, or passive
sniff controller (PSC) [RT (s): M = 0.32 ± 0.07, PSC = 0.46 ± 0.18, Tukey P = 0.06;
J = 0.32 ± 0.08, PSC = 0.46 ± 0.18, Tukey P = 0.057]. (F andG) Reaction time over
a 5-min period (logarithmic fit). Note improvement with the sniff controller
[normalized RT (Z score): first 8 trials M = 0.11 ± 0.32, last 8 trials M = 0.03 ±
0.162, t= 0.58, P=NS;first 8 trials J = 0.132± 0.37, last 8 trials J = 0.05± 0.153, t=
0.58,P=NS;first 8 trials SC = 0.24± 0.29, last 8 trials SC= 0.03± 0.07, t=2.49, P<
0.02]. Error bars represent SE. *P < 0.05.
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We further approached LI3, a 64-y-old man who was locked-in
following a stroke that occurred ∼4 y prior. LI3 had seemingly
intentional motion in his right hand, yet efforts to have him use it
for communication through either writing or typing had failed
for no apparent reason. His only means of communication was
eye movements that were interpretable by his immediate family
but did not allow any self-initiated expression. Despite 2 mo of
daily practice, LI3 did not gain control of his soft palate. This is
consistent with ∼25% of healthy volunteers screened for the
fMRI study, who similarly did not have volitional control of their
soft palate at initial screening (SI Text). That said, in that LI3 was
also severely depressed, we could not determine whether this
failure reflected a genuine inability or rather disinterest.
LI3 embodied a typical example of the complications often as-

sociated with evaluating the cognitive and emotional state of
locked-in patients (38). The sniff controller, however, may also
provide a means of communication for individuals who are not
locked-in yet cannot speak or write. With this in mind, we ap-
proachedQU1, a 63-y-old womanwith quadriplegia resulting from
severe multiple sclerosis. QU1 could speak, albeit with significant
difficulty. Like LI2, QU1 did not require soft-palate biofeedback,
and was able to write with the sniff controller shortly after its in-
troduction at a rate of 33.53 ± 26.1 s per letter. This was the first
time QU1 had written in 10 y. After 3 wk of writing with the letter-
board software, we furnished QU1 with more sophisticated soft-
ware that enabled sniff control of the computer cursor (Fig. 4E and
Movie S3). QU1 mastered this rapidly, using the cursor to choose
letters from a virtual keyboard initially at 109.42 ± 60.83 s per
letter, yet within 3 wk at 41.83 ± 29.33 s per letter (r = 0.81, P <
0.001) (Fig. 4D). QU1 now uses the sniff controller to surf the net
and write e-mail.
The above studies entailed a significant effort invested in each

participant, much like separate case studies that involved de-
tailed measurements performed daily over months. To further
assess the practicality of the sniff controller for non-locked-in yet
severely disabled individuals, we measured the performance of
10 quadriplegic participants who used the sniff controller for the
first time, in two tasks. The first task entailed using the standard
letter-board interface (Fig. 4A and Movie S2) to write three
words (a total of 11 letters and 2 spaces). Quadriplegic partic-
ipants wrote with ease, accelerating from 11.41 ± 1.8 to 9 ± 1.51 s
per letter in only three tries [t(difference between first and third) = 3.7,

Fig. 2. Sniffs rely on a distributed neural substrate
overlapping with language production. (A) Several
regions with significantly lower or higher levels of
activity during soft-palate repositioning as com-
pared with a resting baseline. (B) Example time
courses of fMRI signal from several key regions
during volitional positioning of the soft palate. (C)
The mean group fMRI signal change in the same key
regions. Critically, note soft-palate positioning rep-
resentation in the Pars opercularis (Broca, BA44)
language area. SMA, supplementary motor area;
BOLD, blood oxygen level dependent.

Fig. 3. A locked-in participant learned to control the soft palate using bio-
feedback. (A) A schematic nasal trace reflecting first an open soft palate
resulting in nasalflow, and then a closed soft palate resulting in blocked nasal
flow. (B) An instruction to open the soft palate (open nose) is “rewarded” by
a reduction in flame height when nasal airflow is detected, yet the flame
grows when nasal flow is not detected. (C) An instruction to close the soft
palate (blocked nose) is rewarded by a reduction in the flame height when no
nasal airflow is detected, yet theflame grows when nasal flow is detected. (D)
LI1’s latency to opening or closing the soft palate from the moment an in-
struction was given as a function of days of practice (logarithmic fit). Error
bars represent SE.
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P < 0.005] (Fig. 4F). The second task entailed using the navi-
gational interface (Fig. 4E and Movie S3) to open an internet
browser, write the same above three words on a page, copy and
paste them into a search engine, and perform the search. Again,
quadriplegic participants completed this navigational task with
ease, improving across three tries [time to opening browser:
first = 92.4 ± 20.96 s, second = 8 1.4 ± 18.31 s, third = 74.3 ±
15.5 s, t(difference between first and third) = 4.29, P< 0.002; average time
per letter: first = 22.36 ± 2.29 s, second = 19.58 ± 2.45 s, third =
19.25 ± 2.14 s, i(difference between first and third) = 3.25, P < 0.01; time
to copy, paste, and search: first = 98.3 ± 17.34 s, second = 89.2 ±
16.65 s, third = 70.8 ± 10.42 s, t(difference between first and third) = 3.57,
P < 0.006] (Fig. 4 G and H). In other words, non-locked-in yet
severely disabled individuals could use the sniff controller with
little or no practice.
Encouraged by the ability to use the sniff controller for writing

text in 2 of 3 locked-in individuals, 1 nearly locked-in individual,
and 10 of 10 quadriplegic individuals, we set out to test its appli-
cation to additional aspects of environmental control. We built
a simple sniff-dependent code for directional motion where two
successive “sniffs in” implied “forward,” two successive “sniffs out”
implied backward, successive “sniffs out then in” implied “left,”

and successive “sniffs in then out” implied “right” (Fig. 5A–C).We
linked this controller to an electric wheelchair, such that each
activation of a command generated an incremental action in the
intended direction. In other words, a “left” command turned the
chair slightly left, an additional “left” command turned the chair
more to the left, and so on.
We first tested the ability of 10 healthy participants to drive the

wheelchair along a complex 35-m-long path. The path consisted of
many 90° turns, as these were relatively more difficult to manage
using our interface. Nevertheless, subjects navigated this path with
ease, and improved across three 3- to 5-min-long practice sessions
[average distance from path (cm) using sniff controller: practice
1 = 29.52 ± 7.51, practice 2 = 27.06 ± 14.18, practice 3 = 19.01 ±
7.79,F=3.35,P=0.058; first vs. third: t=3.67,P< 0.005] (Fig. 5D
and E and Movie S4). Subjects remained, however, more accurate
with a standard joystick (J= 7.33 ± 1.34, t = 4.02, P < 0.003).
After finding that healthy participants could drive the wheel-

chair using the sniff controller, we set out to test whether a
quadriplegic participant could do the same. We fitted the sniff
controller to the existing chair of subject QU2, a 30-y-old man
paralyzed from the neck down (C3) following a car accident that
occurred 6 y earlier. Whereas QU2 performed worse than the

Fig. 4. Writingwith sniffs. (A) The sniff-controlled letter-board interface. The green highlightmoves sequentially from theblock of letters to the block of signs to
the block of word completions repeatedly until selected by a sniff (sniff trace seen in the lower black window). Here the block of letters was selected (left panel),
resulting in the green highlight now moving from line to line. The third line was selected by a sniff (middle panel), resulting in the green highlight now moving
across the letters in the third line. The sixth letter (S) was selected by a sniff (right panel), resulting in the letter S being added to the text line, and the process then
starts over. (B) Learning curve for letter generation for LI1. (C) Learning curve for letter generation for LI2. (D) Learning curve for letter generation for QU1 using
the sniff-controlled cursor (all graphs logarithmic fit). (E) The sniff-controlled cursor interface. (Top) The active state denoted by the black bar moves sequentially
across the four directions (rectangles) and the twomouse buttons (circles), and canbe activated at any stage by a sniff. (Bottom) The red bar denotes the threshold
for signal generation, and the green bar denotes current nasal flow. In other words, in the current state a signal was generated, and because the upper bar was
currently blackened, the computer cursor would now move from the bottom toward the top of the screen (south to north). (F) Average time per letter for 10
quadriplegic participants in three consecutive trials using the letter-board interface (as in A). (G) Average time per letter for 10 quadriplegic participants in three
consecutive trials using the navigational interface (as in E). (H) Ten quadriplegic participants’ total time for opening an internet browser and performing a search.
All error bars represent SE. *P < 0.05.
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average healthy participant at his first use of the sniff controller
(QU2 error = 36.25 cm, average healthy error = 29.52 ± 7.51, t=
2.83, P < 0.02), he was equal to healthy participants by his second
(21.53 cm error, t= 1.17, P= 0.27) and third (16.68 cm, t= 0.89,
P = 0.39) trials. In other words, a quadriplegic person could use
the sniff controller to drive an electric wheelchair with high pre-
cision following a total of only 15 min of practice (Fig. 5D and E).
Finally, a concern one may raise regarding the proposed sniff-

control technology is that in high-demand situations (e.g.,
wheelchair control) it may lead to hyperventilation. To test this,
14 subjects activated the sniff controller at different rates (0.2,
0.25, 0.33, 0.5, and 1Hz) continuously for 2min, followed by 2min
of regular respiration in which we measured end-tidal CO2. There
was no difference in end-tidal CO2 between the baseline period
and the following sniffing periods (4.5%± 0.3% at 0.2 Hz; 4.5%±
0.4% at 0.25 Hz; 4.4% ± 0.4% at 0.33 Hz; 4.5% ± 0.5% at 0.5 Hz;
and 4.3% ± 0.5% at 1 Hz; F = 2.2, P = NS) (Fig. S5), largely
negating the concern of hyperventilation.

Discussion
We hypothesized that sniffs would allow precise device control,
and that this would remain conserved in cases of severe disability.
The former was confirmed in a series of experiments with 96
healthy participants, and the latter was confirmed in ongoing
studies with 15 severely disabled participants. Initial observation
suggests that sniff control was far slower in disabled than in
healthy participants. This impression, however, is exacerbated by
the fact that whereas most of the values reported in this manu-
script for healthy participants were signal-generation latencies,
most of the values for disabled participants were letter-generation
latencies. Selecting a letter from the letter board, however, typi-
cally entails generating three separate signals: sniffing to select
a “view” (letters, numbers, or word completion), sniffing to select
a line, and then sniffing to select a letter. Furthermore, the op-
portunity to make each of these selections was subject to a preset
interselection interval that further lengthened the process. To
more directly gauge the difference between healthy and disabled
users, one can compare activation of the computer game by
healthy users (Fig. 1) to the biofeedback task performed by LI1
(Fig. 3). This comparison reveals an ∼10-fold increase in reaction
time for LI1 compared with healthy users (∼2.5 s vs. ∼250 ms). In
turn, using the sniff controller, quadriplegic participants were
equal to healthy participants at writing speed (Fig. 4 F–H) and
wheelchair-driving accuracy (Fig. 5 D and E). In other words,
disabled participants could use the sniff controller at speeds that
allowed various tasks.
Regarding activities such as wheelchair control, one may

question the practical boundary conditions of the sniff controller:
Could a person crash a wheelchair because they took a breath
instead of sniffing? If the user has good control of the soft palate,
then they can breath independently of sniffing. However, con-
sidering the possibility of less-than-perfect control, the sniff
controller can be programmed as a function of error cost. In the
current wheelchair control software, all commands were double,
that is, two consecutive sniffs in, two consecutive sniffs out, and so
forth (Movie S4). The probability of unintentionally generating
two consecutive breaths within a defined limited time window is
low. If one wanted to control an actuator with even greater safety,
one could implement an even more complex code, for example,
two quick sniffs in followed by a sniff out to actuate. The proba-
bility of unintentionally activating such a sniff train is exceedingly
low. However, the safer the code, the longer it takes to actuate. In
this respect, our double-sniff code was a good compromise, as it
was sufficiently fast to drive yet none of our naive participants,
either healthy or quadriplegic, crashed the wheelchair during
a total of 33 driving sessions. Finally, in this respect, we speculate
that all users may significantly improve at sniff control over pro-
longed practice. Such improvement depends on the development
of intricate volitional dissociation between sniffing and breathing.
At the simplest level, volitional opting for a nasal over oral (or
tracheal) inspiration is sufficient to generate sniff control. How-
ever, practice-derived control of the soft palate has allowed long-
term healthy users such as coauthors A.P. and N. Sobel to use the
sniff controller to write and talk at the same time, drive a wheel-
chair and talk at the same time, and so forth. We speculate that
practice may allow many disabled users similar levels of control.
A key question is how sniff control compares with other avail-

able assistive technologies. As noted in the introduction, genuine
brain–computer or brain–machine interfaces provide the most
promising direction (7–15), yet these devices have yet to provide
a solution for the masses of severely disabled (16). For severely
disabled individuals who are not locked-in, there are several types
of assistive technology. These include the aforementioned tongue
control, sip-puff, head-motion sensors, and eye tracking (20, 21,
25). Each of these methods has its advantages, yet we submit
that the combination of simplicity, robustness, high degrees of

Path Healthy participants QU2

Fig. 5. Driving with sniffs. (A) A healthy participant driving the sniff-con-
trolled wheelchair. (B and C) The user interface. (B) The threshold settings for
sniff-in and sniff-out activation levels. (C) The current direction. Note the sniff
pattern denoted for each direction. For example, a turn left is sniff out then
in. (D) Results of the first trial driving the sniff-controlled wheelchair. The
complex path is denoted in green, with overlaid performance of 10 healthy
participants in black and QU2 in red. (E) Results of the third trial driving the
sniff-controlled wheelchair, same color code as above.
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freedom, minimal attentional demands, and neural conservation
renders sniff control a particularly appealing solution (see SI
Discussion for additional comparison across methods). As to
assistive technology applicable in the locked-in state, aside from
directly measuring brain activity or slow autonomic responses,
to the best of our knowledge the only previously available solu-
tions were sphincter control and eye tracking (22–24). Sniff con-
trol, however, costs a fraction of these methods, yet provides
several advantages highlighted by the increased degrees of free-
dom offered by the combination of binary and proportional sniff-
dependent signals.
Using the sniff controller, locked-in participants wrote at a rate

similar to that measured by others using a noninvasive P300
brain–machine interface (39, 40). In the eyes of the healthy ob-
server, writing at about 3 letters (LI1) or 1.5 letters (LI2) per min
may seem frustratingly slow. Such writing speeds, however, are
greeted with enthusiasm by locked-in individuals. The critical
aspect of such assistive technology is that it allows self-generated
meaningful expression rather than merely answering yes/no
questions. The speed of this self-expression is less important to
individuals who, put bluntly, have no other options. Indeed, after
establishing communication with LI1 and LI2, we asked them to
suggest improvements to the sniff controller. Both LI1 and LI2
are computer-savvy, and are clearly capable of raising the issue of
writing speed, yet neither of them did. LI1 requested that we
better secure the laptop to her wheelchair so that it would not fall
(it never did, yet this concerned her). Finally, in this respect, it is
noteworthy that the influential novel The Diving Bell and the
Butterfly (41) was written by locked-in Jean-Dominique Bauby
using eye movements at a rate of about 1 word every 2 min, a rate
faster than LI2 sniff control but slower than LI1 sniff control. In
other words, such writing rates allow meaningful self-expression.

With all of the above in mind, we conclude that redirection of
sniff motor programs toward alternative functions allows sniffing
to provide a control interface that is fast, accurate, robust, and
highly conserved following severe injury. This approach, whichmay
provide a host of viable solutions for the growing population of
individuals who are severely disabled, now awaits testing in addi-
tional disorders of consciousness, including the vegetative state.

Methods
Ninety-six healthy and 15 severely disabled subjects participated in studies
after providing informed consent to procedures approved by the Helsinki
Committee. Disabled participants are described in detail in SI Methods. The
sniff controller consisted of a nasal cannula that carries changes in nasal air
pressure from the nose to a pressure transducer (Fig. 1B). The pressure
transducer translates these pressure changes into an electrical signal that is
passed to the computer via a USB connection. For computer games, subjects
used the various actuators to indicate when a target changed its color, or
when it arrived at an intended location. Towrite text with the sniff controller,
using a simple interface (Fig. 4A andMovies S1 and S2), the user sniffed when
a particular letter was highlighted (letters were highlighted sequentially) or,
using a sophisticated interface (Fig. 4E and Movie S3), the user sniffed when
a particular cursor direction was “active” (the active state shifted sequen-
tially). A block-design fMRI study of soft-palate closure was conducted using
imaging methods previously described (36, 37), here using a random-effects
statistical design. All statistical comparisons depended on repeated measures
of analysis of variance followed by individual tests with Tukey correction for
multiple comparisons whenever appropriate. See SI Methods for additional
details regarding methods.
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