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[ Screened subjects (7 = 80) ]
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4 Excluded (7 =5)

1. Respiratory diseases
2. Incomplete data

3. Poor EIT belt fit
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[ Final participants (n = 75) ]
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EIT Image reconstruction
| (GREIT, 64 x 64 pixels)
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; 4 v
[ Cleft palate ] [Healthy control] f @ Feature extraction
group (n =37) group (= 38) 1. Temporal domain

I |
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[ Standardized test procedure ]

|

@ Breathing tasks

1. Quiet breathing (30-60 s)
2. Forced breathing (x3)

3. Sustained phonation

!

& Measurements

1. Lung function test

2. Airflow & pressure signals

3. Electrical impedance tomography

2. Airflow domain
L 3. Spatial domain

h 4
(& Statistical analysis
1. Between-group
comparisons (CP vs. NC)
2. Within-subject

\_ comparisons (Insp vs. Exp) )

!

e N
4 Machine learning
1. XGBoost classification

2. SHAP interpretability
\ J

Fig. 1 Participant recruitment and group allocation

Display the screening, exclusion reasons, and final cohorts: cleft palate (CP, n=37) and normal controls (NC, n=38).
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Fig. 2 Experimental setup with labeled components

The setup includes an EIT electrode belt placed around the thorax, a
pneumotachograph sensor for airflow and pressure measurement, a
speech test sheet used for phonation tasks, a task timer displayed on the
screen, and an EIT-speech acquisition system with real-time signal

display.
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a. [} 8] 3 . AH {1 B} K (phase duration,
tPhase) . ik W& B} 8] Fb (time to peak flow ratio,
tPXF/tX) . KIEEFY (volume at peak flow ratio,
VPXF/NVX) . 40% ZFRI ] L (time to 40% of tidal
volume ratio, z40) . W} [8] % %% (time constant,
Tau) KW Wi [E] He o (inspiratory-to-expiratory time
ratio, TI/TE),

b. KW B P W OW &
MeanFlow) . WE{H i & (peak flow, PeakFlow) .
e A BRI & (instantaneous flow at 25%/50%/
75% of tidal volume, Flow25/50/75) F 25%~75%
HRLERE (mean flow between 25% and 75% of
tidal volume, Flow25-75).

(mean flow,
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Expiration-phase EIT images

ST-EIT workflow for speech—respiratory assessment in cleft palate

(a) Synchronous acquisition with EIT and pneumotachograph during sustained phonation. (b) Image reconstruction, baseline correction, and
inspiratory/expiratory phase segmentation. (c¢) Feature extraction across temporal, airflow, and spatial domains, computed at end-inspiration and end-
expiration. (d) Representative ST-EIT maps. (e—f) XGBoost classification with SHAP for domain- and parameter-level interpretability. EIT images
were reconstructed on a 64x64 matrix from a 16-electrode belt placed at the 4th—5th intercostal level. ROI 1-4 correspond to right-anterior, left-

anterior, right-posterior, and left-posterior lung quadrants, respectively. SHAP values quantify the contribution of each feature to the model output and

are dimensionless.

c. Z5 Bk . AR B AE ML (global tidal — TIV_ROII-4) . 4 J& A ¥ — E  (global
impedance variation, TIV_Global) . /&R X J#4  inhomogeneity, GI) M i < H > (center of

FH $t A8 1k (regional tidal impedance variation,

ventilation, CoV).

Table 1 ST-EIT-derived inspiratory and expiratory parameters organized into temporal—airflow—spatial domains

Category

Inspiration (Insp)

Expiration (Exp)

Temporal

Insp_tPhase: inspiratory time; Insp tPIF/tl: time to peak

Exp_tPhase: expiratory time; Exp tPEF/E: time to peak expiratory

domain inspiratory flow/total inspiratory time; Insp vPIF/vI: inspired flow/total expiratory time; Exp vPEF/VE: expired volume at peak
volume at peak inspiratory flow/inspiratory tidal volume; expiratory flow / expiratory tidal volume; Exp_z40: time to 40% of
Insp_z40: time to 40% of inspiratory tidal volume/total expiratory tidal volume / total expiratory time; Exp_Tau: phase time
inspiratory time; Insp Tau: phase time constant from the mid- constant from the mid-volume segment (75%—25% of expiratory
volume segment (25%—75% of inspiratory volume) using a volume) using a single-exponential fit. TI/TE: inspiratory time/
single-exponential fit expiratory time

Airflow Insp_MeanFlow: mean inspiratory flow; Insp_PeakFlow: peak Exp MeanFlow: mean expiratory flow; Exp PeakFlow: peak

domain inspiratory flow; Insp Flow25/50/75: instantaneous flow at 25%/ expiratory flow; Exp Flow25/50/75: instantaneous flow at 25%/
50%/75% of inspiratory tidal volume; Insp Flow25-75: average 50%/75% of expiratory tidal volume; Exp_Flow25-75: average
flow between 25% and 75% of inspiratory tidal volume flow between 25% and 75% of expiratory tidal volume

Spatial  Insp_TIV_Global: global tidal impedance variation (TIV) during Exp TIV_Global: global TIV during expiration; Exp TIV_ROIl-

domain inspiration; Insp TIV_ROI1-4: regional TIV fractions in four 4: regional TIV fractions in four quadrants; Exp GI: global

quadrants; Insp GI: global inhomogeneity at end-inspiration;

Insp_CoV: center of ventilation at end-inspiration

inhomogeneity at end-expiration; Exp CoV: center of ventilation at

end-expiration
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1.34 St
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brb 22 d Ay, >k i1 Bonferroni J5 ¥4 #E 47 #¢
1E 2 DU IE J& P<0.05 78 b Ge it 27 35 1 )
bR
1.3.5  Hlasse ) S nlfRert

o BT R R . R AOM EIT

(inspiratory EIT, Insp-EIT) . W < A EIT
(expiratory EIT, Exp-EIT) 5 & =% EIT

(spatiotemporal EIT, ST-EIT) #J&HFEAE R,
Y5 W v B B $E T (extreme gradient boosting,
XGBoost) ZrAan #7402 5 P38 gk . ok
JH Shapley intEf# B¢ (Shapley additive explanations,
SHAP) Jr ikt AT Al i BetE oot 3R1G2 R 5K

RSIETTR, IR LT T4 % .
2 GRS

21 ZIREELRBMESHINBEER

gy A 75 1323 (CPZH: n=37; NCH:
n=38), PRI R 24% (P=0.488), 5
CPAIMIL, NCH B =5 BMINGE (415 P=0.036.
P=0.041). BiZhREJ I, CPAfivG= (VC) 5H
R (FVC) BA% (405 P<0.001, P=0.044).
HAoedm, BEE 1R ER (forced
expiratory volume in the first second, FEV1). W5
I {H 3% & (peak expiratory flow, PEF) . FEV1/
FVC tb{H M b R Bt 1 W R & (forced
expiratory flow, FEF25. FEF50. FEF75,
FEF25-75), MigiAHIE (34 P=0.177) (3R2).

CP 41 VC I FVC (A AR AT GE 5 A 10T A I 1
AR B R B A2 PR Bl JE R 1 2 4 D 25 A
X, /R CP B E AR B R A IR . 4™
A FEVI, FEVI/FVCS$5F5 AL, {H CP4lfE
AR £ ] AR AR LV AR B I ) e A
R

Table 2 Baseline characteristics and spirometry in participants with cleft palate and normal control

Module Metric CP (n=37) NC (n=38) P-value
Baseline Agelyear 24.00 [18.50, 27.00] 24.00 [22.00, 26.00] 0.488
Height/cm 168.44+7.73 172.08+6.61 0.036
BMI/(kg-m™) 21.34+3.36 22.83+2.54 0.041
Lung Function VC/L 3.22+1.31 4.21+£0.94 <0.001
FVC/L 3.72+0.95 4.20+1.03 0.044
FEV1/L 2.55+1.10 2.64+0.86 0.692
PEF/(L-s™") 3.03[1.79,4.29] 3.38[2.36,4.27] 0.534
FEV1/FVC 0.81[0.52, 0.98] 0.68[0.47, 0.88] 0.177
FEF25/(L-s™) 2.92+1.57 3.09+1.58 0.660
FEF50/(L-s™) 2.64+1.48 2.59+1.12 0.854
FEF75/(L/-s™) 1.97+1.16 1.81+0.68 0.495
FEF25-75/(L-s™) 2.53+1.43 2.44+1.02 0.756

Data are mean + SD unless indicated; age, PEF, and FEV1/FVC are median [IQR]. Two-sided P values were obtained using Welch’s ¢ test or the
Mann-Whitney U test, as appropriate. Abbreviations: V'C, vital capacity; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; PEF,
peak expiratory flow; FEV1/FVC, FEV1-to-FVC ratio; FEF25/50/75, forced expiratory flow at 25%/50%/75% of FVC; FEF25-75, mean forced
expiratory flow from 25%-75% of FVC; CP, cleft palate; NC, normal control.

22 EFITHER %4> (oral score, OS) K 1 JiE 45 43 48 %0 (oral

TElg/ . [/ s/ =HE T, PR S BV A4
¥ (nasalance score index, NSI) Z S IT48 112
=X (#P=0521), 5CPAAMI, NCHAY MK

score index, OSI) 7£/g/ (OS: P=0.013; OSI: P=
0.018) . /j/ (OS: P=0.003; OSI: P=0.006) #il/s/
(0S: P=0.007; OSI: P=0.006) ¥ ¥ 5w, &
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B ERBEIN AR B (0S: P=0.006; OSI:
P=0.008) (#£3).

MEERAF, BIRMWYIENSI EEF AR E,
{07 OS J OSI I, NC 4 FLME . CPALRY
OSI M WAk, JuHAE/g/ . j/FN/s/35 0 1 35 b
A RE S L F IR Re ) 58 5l ki S5 R AN AT 6.

X2 SRR RE RO T CP AR AR R i R R
T oA 5 A AR, ST R Y s Rt
Mg, PEMIRZ R R R . BT, NC
RS WP B RIS MR T T CP AL, BEWINC
T8 B 8 AT TG AR DI P A R A NS T

Table 3 Nasalance outcomes in participants with cleft palate and normal control

Syllable Metric CP (n=37) NC (n=38) P-value

/g/ga-ge-gu-gai NSI 30.95 [21.44, 52.17] 29.47[16.19, 59.54] 0.638
oS 52.32[35.05, 84.95] 97.62 [48.87, 174.94] 0.013

OsI 21.39[12.73, 31.52] 40.75 [18.85, 63.78] 0.018

/jlji- jia-jie-jiu NSI 33.69 [21.61, 55.02] 30.65[18.81, 56.41] 0.587
(oN} 46.29 [23.84, 82.56] 94.20 [48.26, 165.87] 0.003

OSI 20.81 [11.62, 35.09] 42.90 [21.14, 67.18] 0.006

/s/sa-si-se-su NSI 38.58[25.79, 56.46] 31.33[18.58,58.91] 0.592
os 55.83[31.38, 85.31] 98.08 [48.06, 175.09] 0.007

OSI 23.00 [13.56, 32.08] 40.58 [19.96, 79.34] 0.006

Overall Mean NSI 35.86[23.15, 53.74] 30.90 [17.62, 59.30] 0.521
(all syllables) oS 50.39[29.32, 85.21] 96.28 [48.54, 174.46] 0.006
OSI 21.85[11.98, 34.64] 41.52 [20.14, 74.87] 0.008

Data are presented as median [IQR]. Two-sided P values were calculated with the Mann-Whitney U test. Abbreviations: NSI, nasalance score index;

OS, oral score; OSI, oral score index; CP, cleft palate; NC, normal control.
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24 SRR

U AR A LB S, TR HE A9 MeanFlow
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4 0.193~0.236) . X R, JAETERIAM A
(AT 26 S8/, AT RESR ] CP AR 3 A B A I oy
e ML IE WA, A, CPAHMAN R
FWK, PR CP EH P B A e B 32 BRECHH 1)
WP A CP 2 ) /R I (L T R S Bt T Ll <
TE AL, o P o 5 = R s IR
B2 IR, UHETE R 2 nia W55

BeAl, SRIE s KR CP 4L nT A5 H: L
TH P 252 28 Ak R S UL PR 42 1 7 el v S A
Ko BEATHEFEOTIMATE SR, nisZmm
it 3 ) ST R AR S R . B R AN, CP
AR B 25, UILREFR IR
WEMPE S, ATHES CP B IS 45 22 7 L)
T A PR i B U AH G
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Fig. 4 Temporal heterogeneity during speech—respiratory tasks by ST-EIT
Violins show kernel density for CP and NC in inspiration and expiration across tPhase, tPXF/tX, vPXF/vX, z40 Ratio, Tau, and TI/TE. The central

line marks the median, the box indicates the IQR, whiskers extend to 1.5xIQR, and violin width is proportional to data density. Abbreviations: CP,

cleft palate; NC, normal control; tPhase, phase duration; tPXF/tX, time to peak flow ratio; vVPXF/vX, volume at peak flow ratio; Tau, time constant;

TI/TE, inspiratory-to-expiratory time ratio.
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Fig. 5 Airflow heterogeneity of speech—respiratory tasks by ST-EIT

Violins show kernel density for CP and NC in inspiration and expiration across MeanFlow, PeakFlow, Flow25/50/75, and Flow25-75. The central line

marks the median, the box indicates the IQR, whiskers extend to 1.5xIQR, and violin width is proportional to data density. Abbreviations: IQR,

interquartile range; MeanFlow, mean flow; PeakFlow, peak flow; Flow25/50/75, instantaneous flow at 25%/50%/75% of tidal volume; Flow25-75,

average flow between 25% and 75% of tidal volume.
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Fig. 6 Spatial heterogeneity of speech—respiratory tasks by ST-EIT

Violins show kernel density for CP and NC in inspiration and expiration across TIV, ROI1-4, GI, and CoV. The central line marks the median, the

box indicates the IQR, whiskers extend to 1.5xIQR, and violin width is proportional to data density. Abbreviations: TIV, tidal impedance variation;

ROI, region of interest; GI, global inhomogeneity; CoV, center of ventilation.
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Table 4 ST-EIT respiratory metrics by domain and phase with between—group comparisons (CP vs. NC)

Category Metric Phase CP (n=37) NC (n=38) P-value Effect ()

Temporal domain tPhase Insp 1.60 [1.40, 2.05] 1.85[1.60, 2.35] <0.001 0.241

Exp 2.45[1.70, 4.35] 3.95 [2.80, 6.55] <0.001 0.291

tPXF/tX Insp 0.50 [0.45, 0.56] 0.51 [0.46, 0.55] 0.122 0.048

Exp 0.41 [0.24, 0.64] 0.42[0.18, 0.74] 1.000 0.015

vPXF/vX Insp 0.51[0.48, 0.53] 0.51[0.48, 0.53] 0.940 0.019

Exp 0.45 [0.30, 0.57] 0.46 [0.22, 0.70] 1.000 0.017

740 Ratio Insp 0.43 [0.39, 0.48] 0.44 [0.40, 0.48] 0.026 0.064

Exp 0.38 [0.30, 0.45] 0.36 [0.29, 0.46] 0.830 0.021

Tau Insp 0.58 [0.44, 3.81] 0.64 [0.48, 3.47] 0.004 0.081

Exp 1.70[0.79, 3.42] 1.74 [1.06, 3.15] 0.544 0.217

TUTE - 0.66 [0.42, 0.92] 0.49 [0.32, 0.66] <0.001 0.217

Airflow domain MeanFlow Insp 0.84 [0.56, 1.38] 0.89 [0.61, 1.34] 0.928 0.019

Exp 0.55[0.34, 0.88] 0.40[0.27, 0.68] <0.001 0.193

PeakFlow Insp 1.35[0.89, 2.26] 1.46 [1.00, 2.22] 0.438 0.032

Exp 0.97 [0.61, 1.49] 0.71[0.48, 1.13] <0.001 0.195

Flow25 Insp 1.07[0.72, 1.73] 1.15[0.78, 1.76] 0.276 0.038

Exp 0.75 [0.45, 1.29] 0.51[0.32, 0.95] <0.001 0.201

Flow50 Insp 1.31[0.85,2.21] 1.42 [0.96, 2.20] 0.270 0.039

Exp 0.79 [0.45, 1.33] 0.51 [0.32, 0.82] <0.001 0.236

Flow75 Insp 1.21[0.80, 2.07] 1.31[0.89, 2.03] 0.622 0.026

Exp 0.72 [0.41, 1.24] 0.50 [0.30, 0.84] <0.001 0.214

Flow25-75 Insp 1.2510.80, 2.12] 1.3510.93, 2.09] 0.248 0.040

Exp 0.65[0.34, 1.19] 0.4510.28, 0.79] <0.001 0.189

Spatial domain TIV_Global Insp 41.75[27.03, 70.30] 54.47[31.86, 76.70] <0.001 0.109

Exp 44.02 [26.50, 71.13] 54.11 [31.14, 77.72] 0.004 0.079

TIV_ROII1 Insp 0.21[0.14, 0.29] 0.1910.13, 0.26] 0.004 0.082

Exp 0.21[0.14, 0.29] 0.19[0.13, 0.26] <0.001 0.086

TIV_ROI2 Insp 0.18 [0.10, 0.26] 0.25[0.17, 0.30] <0.001 0.269

Exp 0.17[0.10, 0.25] 0.25[0.16, 0.30] <0.001 0.272

TIV_ROI3 Insp 0.32[0.22, 0.43] 0.33[0.23, 0.41] 1.000 0.009

Exp 0.32[0.22, 0.44] 0.33[0.23, 0.41] 1.000 0.001

TIV_ROI4 Insp 0.27[0.20, 0.32] 0.21[0.17,0.27] <0.001 0.204

Exp 0.27 [0.20, 0.33] 0.220.17, 0.28] <0.001 0.204

GI Max Insp 0.33 [0.14, 0.84] 0.55[0.21, 1.24] <0.001 0.141

Exp 0.34[0.15, 0.90] 0.58 [0.20, 1.17] <0.001 0.123

COV_Max Insp 0.54 [0.50, 0.59] 0.54 [0.48, 0.57] <0.001 0.109

Exp 0.54[0.50, 0.59] 0.54[0.48, 0.57] <0.001 0.100

Data are reported as median [IQR]. Two-sided Mann-Whitney U tests compared CP vs NC within each phase. Abbreviations: ST-EIT, spatiotemporal
electrical impedance tomography; CP, cleft palate; NC, normal control; Insp, inspiration; Exp, expiration; TIV, tidal impedance variation; ROI,
region of interest; GI, global inhomogeneity; CoV, center of ventilation; tPXF/tX, time to peak flow/phase time; vPXF/vX, volume at peak flow/
phase tidal volume; Tau, phase time constant; IQR, interquartile range.
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Fig.7 Confusion matrix and evaluation metrics

Binary confusion matrix with predicted class on the y-axis and true class on the x-axis. Quadrants indicate 7P, FP, FN, and TN. CP is treated as the

positive class and NC as the negative class.
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Table 5 Model performance by five data sources (stratified 5—fold cross—validation; mean+SD)
Metric Lung Nasal Insp-EIT Exp-EIT ST-EIT
AUC 0.625+0.190 0.721+0.127 0.875+0.012 0.896+0.016 0.915+0.012
Accuracy 0.646+0.151 0.661+0.086 0.813+0.022 0.818+0.018 0.843+0.019
Precision 0.598+0.178 0.644+0.113 0.849+0.020 0.848+0.015 0.869+0.010
Recall 0.573+0.206 0.638+0.140 0.844+0.035 0.857+0.020 0.875+0.028
Fl-score 0.576+0.174 0.631+0.101 0.846+0.020 0.852+0.015 0.872+0.017
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Fig. 8 Cross—source model performance across five data streams

Bars show mean scores and error bars indicate £SD from stratified 5-fold cross-validation for five data sources: Spirometry, Nasometry, Insp-EIT,

Exp-EIT, and ST-EIT. Metrics (0-1) include AUC, Accuracy, Precision, Recall, and FI-score. ST-EIT yields the highest performance across metrics.
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Fig. 10 XGBoost—SHAP results across different data sources
(a) Normalized confusion matrix (rows: true class; columns: predicted class; CP positive, NC negative); (b) mean ROC across 5 folds with +SD
shading; (c) global feature ranking by mean absolute SHAP value. Rows correspond to data sources: Nasometry, Spirometry, Insp-EIT, Exp-EIT, and
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Abstract Objective Cleft palate (CP) is a common congenital deformity often associated with velopharyngeal
insufficiency (VPI), which disrupts the physiological coupling between respiration and speech. Conventional

clinical assessments, such as nasometry and spirometry, provide limited static data and fail to visualize the
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dynamic spatiotemporal distribution of lung ventilation during phonation. This study introduces spatiotemporal
electrical impedance tomography (ST-EIT) to evaluate speech-respiratory functional features in CP patients
compared to normal controls (NC). The aim is to characterize multi-domain respiratory patterns and to validate an
interpretable machine learning framework for providing objective, quantitative evidence for clinical assessment.
Methods Seventy-five participants were enrolled in this study, comprising 37 patients with surgically repaired
CP and 38 healthy volunteers matched for age, gender, and body mass index (BMI). All subjects performed
standardized sustained phonation tasks while undergoing synchronous monitoring with a 16-electrode EIT system
and a pneumotachograph. A comprehensive feature engineering pipeline was developed to extract physiological
parameters across 3 complementary domains. (1) Temporal domain: including inspiratory/expiratory phase
duration (tPhase), time constants (Tau), and inspiratory-to-expiratory time ratios (TI/TE); (2) airflow domain:
comprising mean flow, peak flow, and instantaneous flow at 25%, 50%, and 75% of tidal volume; and (3) spatial
domain: quantifying global and regional tidal impedance variation (TIV), global inhomogeneity (GI), and center
of ventilation (CoV). Extreme Gradient Boosting (XGBoost) classifiers were trained using 5 distinct data sources
(Spirometry, Nasometry, Inspiratory-EIT, Expiratory-EIT, and fused ST-EIT). Model performance was rigorously
evaluated via stratified 5-fold cross-validation, and Shapley additive explanations (SHAP) were employed to
quantify global and local feature contributions. Results The CP group exhibited a distinct respiratory phenotype
compared to controls. In the temporal domain, CP patients showed significantly shorter inspiratory (1.60 s vs.
1.85 s, P<0.001) and expiratory phase durations (2.45 s vs. 3.95 s, P<0.001), indicating a rapid, shallow breathing
rhythm. In the airflow domain, while inspiratory flows were comparable, the CP group demonstrated significantly
elevated mean and peak flows during the expiratory phase (P<0.001), reflecting compensatory respiratory effort.
Spatially, CP patients presented significant ventilation redistribution, characterized by higher regional TIV in the
right-anterior (ROI1) and left-posterior (ROI4) quadrants, but lower TIV in the left-anterior (ROI2) quadrant. In
terms of diagnostic accuracy, the multi-modal ST-EIT model achieved the highest performance (AUC: 0.915+
0.012, Accuracy: 0.843+0.019, Fl-score: 0.872+0.017), substantially outperforming models based on spirometry
(AUC: 0.721) or nasometry (AUC: 0.625) alone. Interpretability analysis revealed that spatial domain features
were the most critical, contributing 53.4% to the model’s decision-making, followed by temporal (25.0%) and
airflow (21.6%) features. Conclusion ST-EIT successfully captures the temporal, airflow, and spatial deviations
in CP speech respiration that are undetectable by conventional methods—specifically, rapid phase transitions,
hyperdynamic expiratory airflow, and regional ventilation heterogeneity. This study validates ST-EIT as a robust,
non-invasive, and radiation-free tool for characterizing speech-respiratory dysfunction, offering high clinical value

for bedside screening, rehabilitation planning, and longitudinal monitoring of patients with cleft palate.

Key words electrical impedance tomography, cleft palate, speech respiratory function, spatiotemporal features,
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