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Supplementary Results

Hierarchies in speech representations.

An emerging view is that speech features represented in the cortex grow progressively more complex
towards downstream areas (Scott 2005; Hickok and Poeppel 2007; Rauschecker and Scott 2009; DeWitt
and Rauschecker 2012; de Heer et al. 2017). Yet, a broad quantitative characterization of these
selectivity gradients is lacking. To assess the selectivity in each stage of processing, we first measured
a complexity index, (CI), that reflects whether an ROI is relatively tuned for low-level spectral or high-
level semantic features (see Methods). CI across perisylvian and non-perisylvian cortex is displayed in
Supplementary Fig. S5. Early auditory regions such as HG/HS have CI close to 0, whereas higher-order
regions like PTR have CI tending to 1 as expected.

Next, we explored in detail finer scale gradients across the main auditory streams: dorsal and ventral
stream (Rauschecker and Tian 2000; Hickock and Poeppel 2004, 2007; Scott 2005; Saur et al. 2008;
Rauschecker and Scott 2009; Rauschecker 2011; Friederici 2012).

a) Dorsal stream. The dorsal stream emanates from primary auditory cortex (PAC) (Ueno et
al. 2011; Friederici 2012; Bornkessel-Schlesewsky and Schlesewsky 2013), traverses planum temporale
(Hickok and Poeppel 2004, 2007; Rauschecker and Scott 2009), and then projects to pars-
operculum/BA44 (Friederici 2011, 2015; Bornkessel-Schlesewsky et al. 2015) and precentral-
gyrus/BA6 (Bernal and Ardila 2009; Friederici 2011, 2015) in prefrontal cortex. The projections onto
prefrontal cortex are suggested to be either direct or relayed via supramarginal-gyrus/BA40 in inferior
parietal cortex (Hickok and Poeppel 2000; Catani et al. 2005; Frey et al. 2008; Scott et al. 2009;
Friederici 2011). In the light of these reports, we examined variation of CI across three trajectories as
shown in Figure S6a: left dorsal-1 (HG/HS. - PT. = (SMG.) > POPL), left dorsal-2 (HG/HS. =
PT. = (SMGL) = PreGr) and right dorsal (HG/HSg 2 PTr = SMGgr). Left dorsal-1 and dorsal-2 were
considered with or without inclusion of SMG. As shown in Figure S6b, we find significant increase in
CI consistently in all subjects across the following left dorsal subtrajectories (p < 0.05): Clyg/us <
Clpr < Clpgp and Clyg s < Clpr < Clpyreg. In contrast, we find no consistent pattern in ClI across the
right dorsal stream (p > 0.05). Note that PreG has greater articulatory selectivity in all subjects compared
to POP (p <0.05; see Supp. Fig. S3a-e). Furthermore, articulatory selectivity is dominant in PreG, while
semantic selectivity is dominant in POP (p <0.05; see Supp. Fig. S3a-e and Supp. Fig. S4). These results
indicate that left dorsal-1 and left dorsal-2 differ in that the former carries relatively stronger semantic
representations whereas the latter hosts articulatory representations.

b) Ventral stream. The ventral stream emanates from PAC (Ueno et al. 2011; Bornkessel-
Schlesewsky and Schlesewsky 2013), passes through middle-anterior superior temporal cortex (Ueno
et al. 2011; DeWitt and Rauschecker 2012; Bornkessel-Schlesewsky and Schlesewsky 2013), and then
projects to pars-triangularis/BA45 (Ueno et al. 2011; Bornkessel-Schlesewsky et al. 2015) in prefrontal
cortex. It is also suggested to traverse superior-inferior paths in temporal lobe (Hickock and Poeppel
2004, 2007). As such, we examined variation of CI across four trajectories (Figure S6a): left ventral-1
(HG/HSL 2 mSTGL = mSTS. 2> MTGy), left ventral-2 (HG/HS. = mSTG. = aSTGr > PTRy), right
ventral-1 (HG/HSg 2 mSTGr = mSTSr 2 MTGg) and right ventral-2 (HG/HSg = mSTGr = aSTGr
- PTRR). As shown in Figure S6b, we find significant increase in CI consistently in all subjects across
the following subtrajectories (p < 0.05): Clyg/us < Clnsrg < Clastg and Clyg/us < Clpste <
Cl,,s7s in the bilateral ventral stream. In contrast, there are no consistent differences between aSTG
and PTR, and between MTG and mSTS (p > 0.05). Towards the end of ventral trajectories, semantic
representations become dominant in all subjects (bilateral PTR and MTG; p < 0.05; see Supp. Fig. S3a-
e and Supp. Fig S4). These results indicate that representations in the ventral stream might be more
symmetric across the two hemispheres compared to the dorsal stream.



Hemispheric asymmetries in speech representations.

Prior studies report right lateralization in spectral representations (Zatorre and Belin 2001; Obleser et
al. 2008; Ding and Simon 2012; McGettigan and Scott 2012) and left lateralization in phonetic and
semantic representations (DeWitt and Rauschecker 2012; McGettigan and Scott 2012). Thus, it is likely
that speech-related cortical regions are tuned for more complex speech features in the left versus the
right hemisphere. To test this prediction, we compared CI between the left and right counterparts of
each ROI, with consistent selectivity for speech features in both hemispheres in each individual subject
(see Methods). Table S3 lists the results of this across-hemisphere comparison. No consistent
hemispheric asymmetry in representational complexity is observed across cortex (p > 0.05) except in
mSTG, with higher CI in left hemisphere (p < 0.05). These results suggest a slight left-hemispheric bias
in representational complexity across intermediate stages during passive-listening tasks.



Supplementary Discussion

Speech Representations

Prior studies using controlled auditory stimuli have suggested a hierarchical organization of speech
representations across cortex (Binder et al. 2000; Hickok and Poeppel 2004; Liebenthal et al. 2005;
Obleser et al. 2007; DeWitt and Rauschecker 2012). Recent studies using natural speech stimuli
corroborate this view where downstream regions are notably selective for more complex speech features
than early regions in speech-related cortex (de Heer et al. 2017; Brodbeck et al. 2018a, 2018b).
Motivated by these results, here we quantitatively examined gradients in complexity of speech
representations across speech-related cortex. Overall, we find that representational complexity increases
gradually across the left dorsal and bilateral ventral streams.

An important question in neurolinguistics is the precise functional roles of the dorsal and ventral streams
for natural speech representations in the human brain. During passive listening of natural stories, we
find that dominant articulatory selectivity manifests (PreG) in one end of the dorsal stream whereas
semantic selectivity manifests in both ends (MTG and PTR) of the ventral stream. These results confirm
the view that the dorsal stream is implicated in sound-to-articulation mapping, whereas the ventral
stream is primarily implicated in sound-to-meaning mapping (Hickok and Poeppel 2007, 2015;
Rauschecker and Scott 2009; Friederici 2011; Rauschecker 2011).

Linguistic representations are commonly considered to be left lateralized while acoustic representations
(spectral) are suggested to be right lateralized (Zatorre and Belin 2001; Ding and Simon 2012; DeWitt
and Rauschecker 2012; McGettigan and Scott 2012). Here we quantitatively assessed hemispheric
asymmetries in multi-level speech representations along the dorsal and ventral streams. We report a left-
hemispheric dominance in the dorsal stream that becomes relatively more apparent towards the end
stages (PreG and POP). However, regions along the ventral stream have similar selectivity profiles in
both hemispheres, with a slight left-hemispheric bias in their representational complexity in
intermediate stages. Hence, our results indicate a left-lateralized organization in the dorsal stream and
a predominantly bilateral organization in the ventral stream (Hickok and Poeppel 2007).
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Supplementary Tables

Table S1: Inter-run head motion in the cocktail-party experiment

Rx Ry Rz Tx Ty Tz
S1 Run2 0.0070 -0.0222 -0.0047 -0.8205 -1.8318 4.4034
Run3 0.0043 -0.0193 -0.0075 0.3561 -1.1648 3.6750
Run4 0.0081 -0.0400 -0.0122 0.2514 -2.3087 5.9718
Run5 0.0059 -0.0258 -0.0040 -1.2676 -1.2530 4.4150
Run6 0.0060 -0.0225 -0.0058 -0.5274 -1.9113 4.5966
S2 Run2 -0.0099 -0.0067 -0.0099 0.6676 -0.2590 -0.5229
Run3 -0.0088 -0.0026 0.0018 -0.5063 0.6162 -0.6334
Run4 -0.0128 -0.0118 -0.0103 -0.2114 0.3525 -0.3772
Run5 -0.0119 -0.0044 -0.0047 -0.2807 0.7589 -1.1399
Run6 -0.0101 -0.0066 -0.0118 0.7884 -0.1214 -0.4955
S3 Run2 0.0321 0.0118 0.0060 -0.3023 -0.1689 3.3696
Run3 0.0280 0.0160 0.0059 -0.1685 -0.2995 1.9887
Run4 0.0273 0.0139 0.0092 -0.7141 0.5719 23134
Run5 0.0252 0.0129 -0.0008 0.3123 -0.5163 2.1007
Run6 0.0263 0.0135 0.0055 -0.2489 -0.1244 2.4375
S4 Run2 -0.0009 0.0062 -0.0028 0.7449 -0.1245 -0.5775
Run3 -0.0014 0.0042 0.0005 0.4494 0.5528 -0.5016
Run4 0.0101 -0.0076 -0.0030 -0.0453 -0.7291 3.1879
Run5 -0.0006 0.0019 -0.0051 1.0548 -0.5008 -0.0154
Run6 -0.0010 0.0032 -0.0051 1.2785 -0.3303 -0.3824
SS Run2 0.0106 -0.0133 -0.0164 3.3092 -1.8717 3.4716
Run3 0.0181 -0.0245 -0.0150 3.8181 -1.6553 5.9240
Run4 0.0097 -0.0330 -0.0067 2.0298 -0.6607 5.2784
Run5 0.0156 -0.0299 -0.0011 0.7572 -0.5795 5.8197
Run6 0.0079 -0.0250 -0.0202 5.3338 -1.7013 3.8040

Absolute motion between temporal-mean volume of each run (Run2-Run6) and temporal-mean
volume of the first run (Runl) is calculated during the cocktail-party experiment. Motion estimates
are obtained in subjects S1-S5 using FMRIB’s Linear Image Registration Tool (FLIRT) (Jenkinson
and Smith 2001). Rotational motion (Rx, Ry, Rz) and translational motion (Tx, Ty, Tz) are reported
along the X, Y and Z axes. Rotations are expressed in radians, and translations are expressed in mm.



Table S2a: Number of significantly predicted voxels within ROIs in the left hemisphere.

Spectrally-sel. Articulatorily-sel. Semantically-sel. Speech-sel.

HG/HS.  59.0  (£12.9) 63.9 (+8.3) 0.0 (+0.0) 101.5  (x15.0)
PT. 297 (£7.4) 45.5 (+6.4) 20.0 (+3.5) 66.3 @7.7)
pSFL 220  (#5.5) 34.0 (#5.7) 6.1 (*3.8) 49.2 (£6.5)
STGL 323 (#8.6) 163.8 (+27.6) 100.7 (£30.1) 2802  (£40.2)
aSTGL 6.4 (+3.4) 26.6 (+8.6) 424 (+9.8) 63.4 (£9.5)
mSTGL 7.6 (+3.0) 82.5 (+14.0) 14.0 &7.7) 927  (£18.3)
pSTGL 123 (+4.9) 41.8 (+8.2) 30.4 (+9.9) 664  (£13.5)
STSL 309 (£15.7) 2002 (+22.8) 330.4 (£55.3) 4267  (£59.1)
aSTSL 102 (#3.9) 45.6 (+9.8) 75.0 (+12.3) 971  (£10.8)
mSTSL 120 (6.5 70.8 (*11.4) 87.6 (£16.6) 1231  (£17.2)
pSTSL 123 (=8.0) 88.6 (+21.3) 165.6 (£22.7) 2057  (£30.4)
MTGL 7.1 (+4.8) 38.5 7.2) 137.3 (+41.3)  160.6  (£34.3)
SMGL 249  (£7.70) 335 (+6.4) 72.7 (22.9)  111.6  (£20.4)
AGL 2.1 (*1.9) 42 (+2.4) 156.6 (+39.1)  157.6  (£39.7)
IPS. 00  (£0.00) 0.0 (+0.0) 65.0 (+10.9) 650  (£10.9)
SPSL 22 (*1.8) 5.8 (*1.5) 44.8 (*11.3) 492  (£10.6)
PrCL 00  (£0.00) 9.1 (&5.1) 126.9 (£30.8) 1299  (£31.7)
PCCL 00  (£0.00) 0.0 (+0.0) 34.1 (+6.8) 34.1 (+6.8)
POS. 00  (x0.00) 13.3 (+8.4) 58.7 (+18.2) 662  (£20.0)
POP, 150  (+8.5) 24.6 (+6.7) 42.7 (+10.1) 64.8 (#9.9)
PTR, 138 (£5.2) 31.8 (+7.5) 74.7 (£17.4) 983  (£17.2)
IFS. 9.4 (+6.9) 26.3 (9.1) 109.1 (£284) 1244  (£30.0)
MFG, 125  (#6.5) 38.2 (+10.5) 183.2 (+60.0) 2161  (£56.4)
MFSL 10.6  (£5.9) 25.1 (9.1) 30.5 (+10.9) 57.6 (#8.3)
SFSL 00  (x0.00) 2.4 (2.1 110.7 (#29.1) 1115 (£29.1)
SFG 449  (£19.8) 59.9 (+12.7) 286.7 (£59.9)  327.6  (£62.6)
PreGL 74 (+2.2) 41.9 (+7.5) 26.5 (+8.4) 604  (£12.2)
mOTS, 0.0 (+0.0) 0.0 (+0.00) 26.3 &3.1) 26.3 #3.1)

Significantly predicted voxels by spectral, articulatory and semantic models are listed (q(FDR) < 107,
t-test, mean + sem across subjects). The union of these voxels are taken as speech-selective voxels.
Only ROIs in the left hemisphere and with at least 10 speech-selective voxels in each individual subject
are listed. Subscripted “L” indicates left hemisphere.



Table S2b: Number of significantly predicted voxels within ROIs in the right hemisphere.

Spectrally-sel. Articulatorily-sel. Semantically-sel. Speech-sel.

HG/HSr 474  (£5.6) 45.5 (+7.8) 0.0 (+0.0) 77.1 (£6.4)
PTx 270  (24.2) 29.6 (#3.7) 22 (+1.8) 41.7 (£3.4)
STGr 569 (8.5 165.8 (+£26.8) 55.1 (+8.7) 2015 (£21.2)
aSTGr 8.6 (4.1 30.5 (*11.8) 19.7 (+7.5) 474  (£12.6)
mSTGr 123 (4.0 52.7 (*11.7) 7.0 (+2.0) 61.4 (£9.0)
pSTGr 214 (+4.2) 57.2 (+11.0) 14.4 (+1.9) 716  (£10.2)
STSk 39.9  (x12.1) 140.1 (+23.1) 338.3 (£45.6) 4234  (x42.8)
aSTSk 47  (#22) 30.0 (+8.0) 55.6 (+12.0) 711 (#13.0)
mSTSk 246 (+8.9) 88.5 (+15.4) 86.1 (+24.1) 1404  (£23.3)
pSTSk 108  (+2.8) 25.0 (+4.6) 2094  (*13.8) 2242  (x12.5)
MTGr 167  (+8.3) 29.5 (#9.1) 93.5 (£20.0) 1147  (£20.3)
SMGr 21.0 (4.0 28.2 (+6.8) 34.4 (*14.0) 710 (&13.9)
AGr 2.1 (+1.8) 13.4 (+7.5) 137.1 (£35.6) 1469  (£39.4)
IPSk 00  (£0.0) 0.0 (+0.0) 334 (+4.0) 33.4 (+4.0)
SPSg 20 (£1.7) 8.3 (+3.3) 66.0 (£17.1) 68.6  (£17.7)
PrCr 00  (0.0) 15.0 (8.1 107.7 (#29.9) 1139  (£33.6)
PCCr 00  (0.0) 2.0 (+1.8) 36.2 (+8.4) 372 (£8.0)
POSk 00  (0.0) 18.3 (+9.5) 59.1 (+10.0) 735 (£15.5)
PTRx 74 (#3.2) 18.3 (#6.1) 68.5 (+7.5) 80.7 (#7.2)
IFSk 238 (2.7) 415 (+12.0) 100.3 (£20.0) 1383  (21.6)
MFGr 156 (£2.7) 51.1 (£15.3) 162.5 (£58.4) 2182  (£50.6)
MFSg 118 (28.4) 29.4 (+9.7) 33.7 (+8.3) 705 (£11.4)
SFSr 00  (0.0) 12.6 (£5.5) 102.5 (#21.9) 1093  (£21.6)
SFGr 386  (x11.2) 75.4 (*21.7) 230.1 (£58.6) 2953  (£60.5)

Significantly predicted voxels by spectral, articulatory and semantic models are listed (q(FDR) < 107,
t-test; mean + sem across subjects). The union of these voxels are taken as speech-selective voxels.
Only ROIs in the right hemisphere and with at least 10 speech-selective voxels in each individual
subject are listed. Subscripted “R” indicates right hemisphere.



Table S3: Hemispheric asymmetries in CI and gAl.

CI gAl

HG/HS N, 0.0 N, 0.1
PT N, 0.1 N, 0.1
aSTG N, 0.2 N, 0.1
mSTG L,0.1 L,02
pSTG N, 0.0 N, 0.2
aSTS N, 0.0 N, 0.1
mSTS N, 0.1 N, 0.2
pSTS N, 0.1 N, 0.1
MTG N, 0.1 N, 0.1
SMG N, 0.2 N, 0.1
AG N, 0.0 N, 0.0
IPS N, 0.0 N, 0.2
SPS N, 0.0 N, 0.0
PrC N, 0.0 N, 0.0
PCC N, 0.0 N, 0.1
POS N, 0.0 N, 0.0
PTR N, 0.1 N, 0.1
IFS N, 0.1 N, 0.2
MFG N, 0.1 N, 0.1
MFS N, 0.0 N, 0.0
SFS N, 0.0 N, 0.0
SFG N, 0.0 N, 0.0

"R", “L” and “N” indicate right-hemispheric, left-
hemispheric and no-hemispheric dominance in indices
respectively. The numbers show the effect-size of the
significance tests, based on the difference between the
left and right hemispheres. Only differences that are
consistently significant in each individual subject are
taken as significant (p < 0.05). ROIs are reported with
at least 10 speech-selective voxels consistently in each
hemisphere and in each subject. (p < 0.05).
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Figure S1: Prediction scores of voxelwise speech models. a. Spectral model. Prediction scores for voxels
significantly predicted by the spectral model are plotted on the flattened cortical surface of subject S4. Medial and
lateral views of the inflated hemispheres are also shown above and below the flatmaps, respectively. Colors
indicate the value of the noise-corrected prediction scores (see legend). White lines encircle ROIs that are found
based on an automatic atlas-based cortical parcellation. Labels of some relevant ROIs are shown (see Methods for
ROI abbreviations). In this subject, significantly predicted voxels by the spectral model lie mainly in the dorsal
aspect of the superior temporal cortex. b. Articulatory model. Significantly predicted voxels by the articulatory
model are located mainly in the dorsal and lateral aspects of the superior temporal cortex extending to STS, and
in inferior frontal regions. ¢. Semantic model. Significantly predicted voxels by the semantic model are broadly
distributed across cortex covering most of the temporal, prefrontal and parietal cortical regions except the early
auditory cortex.
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Figure S2: Model—spec1ﬁc selectivity indices for non-perisylvian ROIs. Single-voxel prediction scores on
passive-listening data were used to quantify the degree of selectivity of each ROI to the underlying model features
under passive listening. Prediction scores for a given model were averaged across speech-selective voxels within
each ROI, and then normalized such that the cumulative prediction score from all models summed to 1. The
resultant measure was taken as a model-specific selectivity index, (S1,,). SI,,, is in the range of [0, 1], where higher
values indicate stronger selectivity for the underlying model. Bar plots display SI,,, for spectral, articulatory and
semantic models (mean £ sem across subjects). Significant indices are marked with *, colored according to the
model (p < 0.05, bootstrap test; see Supp. Fig. S3a-e for selectivity indices of individual subjects). Only ROIs in
non-perisylvian cortex are displayed. a. ROIs in LH. b. ROIs in RH. mOTSRr that did not have consistent speech
selectivity in individual subjects was excluded (see Methods). These results show that selectivity is primarily
semantic in most of the non-perisylvian ROIs.
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Figure S3a: Model-specific selectivity indices for subject S1. Single-voxel prediction scores on passive-
listening data were used to quantify the degree of selectivity of each ROI to the underlying model features under
passive listening. Prediction scores for a given model were averaged across speech-selective voxels within each
ROI, and then normalized such that the cumulative prediction score from all models summed to 1. The resultant
measure was taken as a model-specific selectivity index, (S1,,,). SI,,, is in the range of [0, 1], where higher values
indicate stronger selectivity for the underlying model. Bar plots display S1,,, for spectral, articulatory and semantic
models (mean = sem across ROI’s speech-selective voxels). Significant indices are marked with *, colored
according to the model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test). a. Perisylvian
ROIs. ROIs in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom panels,
respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and RH are
shown in top and bottom panels, respectively.
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Figure S3b: Model-speclﬁc selectivity indices for subject S2. Single-voxel prediction scores on passive-
listening data were used to quantify the degree of selectivity of each ROI to the underlying model features under
passive listening. Prediction scores for a given model were averaged across speech-selective voxels within each
ROI, and then normalized such that the cumulative prediction score from all models summed to 1. The resultant
measure was taken as a model-specific selectivity index, (S1,,,). SI,,, is in the range of [0, 1], where higher values
indicate stronger selectivity for the underlying model. Bar plots display S1,,, for spectral, articulatory and semantic
models (mean = sem across ROI’s speech-selective voxels). Significant indices are marked with *, colored
according to the model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test). a. Perisylvian
ROIs. ROIs in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom panels,
respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and RH are
shown in top and bottom panels, respectively.
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Figure S3c: Model-specific selectivity indices for subject S3. Single-voxel prediction scores on passive-
listening data were used to quantify the degree of selectivity of each ROI to the underlying model features under
passive listening. Prediction scores for a given model were averaged across speech-selective voxels within each
ROI, and then normalized such that the cumulative prediction score from all models summed to 1. The resultant
measure was taken as a model-specific selectivity index, (S1,,,). SI,,, is in the range of [0, 1], where higher values
indicate stronger selectivity for the underlying model. Bar plots display S1,,, for spectral, articulatory and semantic
models (mean = sem across ROI’s speech-selective voxels). Significant indices are marked with *, colored
according to the model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test). a. Perisylvian
ROIs. ROIs in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom panels,
respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and RH are
shown in top and bottom panels, respectively.
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Figure S3d: Model-speclﬁc selectivity indices for subject S4. Single-voxel prediction scores on passive-
listening data were used to quantify the degree of selectivity of each ROI to the underlying model features under
passive listening. Prediction scores for a given model were averaged across speech-selective voxels within each
ROI, and then normalized such that the cumulative prediction score from all models summed to 1. The resultant
measure was taken as a model-specific selectivity index, (S1,,,). SI,,, is in the range of [0, 1], where higher values
indicate stronger selectivity for the underlying model. Bar plots display S1,,, for spectral, articulatory and semantic
models (mean = sem across ROI’s speech-selective voxels). Significant indices are marked with *, colored
according to the model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test). a. Perisylvian
ROIs. ROIs in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom panels,
respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and RH are
shown in top and bottom panels, respectively.
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Figure S3e: Model-specific selectivity indices for subject S5. Single-voxel prediction scores on passive-
listening data were used to quantify the degree of selectivity of each ROI to the underlying model features under
passive listening. Prediction scores for a given model were averaged across speech-selective voxels within each
ROI, and then normalized such that the cumulative prediction score from all models summed to 1. The resultant
measure was taken as a model-specific selectivity index, (S1,,,). SI,,, is in the range of [0, 1], where higher values
indicate stronger selectivity for the underlying model. Bar plots display S1,,, for spectral, articulatory and semantic
models (mean = sem across ROI’s speech-selective voxels). Significant indices are marked with *, colored
according to the model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test). a. Perisylvian
ROIs. ROIs in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom panels,
respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and RH are
shown in top and bottom panels, respectively.
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Figure S4: Intrinsic selectivity profiles. Selectivity profiles of perisylvian ROIs in subjects S1-S5 are shown on
the cortical flatmaps. Significant articulatory, semantic, and spectral selectivity indices are projected onto the red,
green, and blue channels of the RGB colormap (see Methods). a. Left perisylvian ROIs. b. Right perisylvian ROIs.
Consistently across subjects, A progression from low- and intermediate-level to high-level speech representations
are apparent across bilateral temporal cortex in superior-inferior direction (HG/HS -> mSTG -> mSTS -> MTG).
These results support the view that speech representations are hierarchically organized across processing hierarchy
of speech with partial overlap between spectral, articulatory and semantic representations in early to intermediate

stages of auditory processing.
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Figure S5: Representatlonal complexity. To characterize the complexity of speech representations, a complexity
index, (CI), was taken as the relative tuning of an ROI for low- versus high-level speech features. CI is in the
range of [0, 1], where higher values indicate stronger tuning for semantic features and lower values indicate
stronger tuning for spectral features. Bar plots indicate €I (mean + sem across subjects). Indices that are
consistently significant in each individual subject are marked with * (p < 10, bootstrap test). a. Perisylvian ROIs.
ROIs in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom panels, respectively.
Early auditory regions such as HG/HS have CI close to 0, whereas higher-order regions like PTR have CI tending
to 1. These results indicate that more complex features are represented in higher-order regions compared to the
earlier ones. b. Non-perislyvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and RH are
shown in top and bottom panels, respectively. Higher-order regions in non-perisylvian cortex mostly have similar
representational complexity that is close to 1.
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Figure S6: Cortical hierarchy of representational complexity. a. Complexity index and auditory pathways. To
visualize how representational complexity distributes across cortex, CI of cortical ROIs averaged across subjects
are displayed on the flatmap of a representative subject (S4; see legend). To illustrate the gradients in CI across
the hierarchy of speech processing, dorsal and ventral pathways are shown with blue and green lines, respectively:
left dorsal-1 (LD-1), left dorsal-2 (LD-2) and right dorsal (RD), left ventral-1 (LV-1), left ventral-2 (LV-2), right
ventral-1 (RV-1) and right ventral-2 (RV-2). Squares mark regions where pathways begin; arrows mark regions
where pathways end; and circles mark relay regions in between. b. Complexity hierarchies. Bar plots display CI
(mean + sem across subjects) along LD-1, LD-2, RD, LV-1, LV-2, RV-1 and RV-2, shown in separate panels.
Significant differences in CI between consecutive ROIs are marked with brackets (p < 0.05, bootstrap test).
Significant gradients in Cl are: Clyg/ps < Clpy < Clpgp in LD-1, Clyg ps < Clpr < Clpyeg in LD-2, Clyg/ys <
Clnsrg < Clysrs in LV-1 and RV-1, and Clyg/us < Clpsrg < Clgsrg in LV-2 and RV-2. These results suggest
that hierarchical speech representations are systematically organized in multiple gradients across cortex.
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Figure S7: Model-specific attention indices for non-perisylvian ROIs. A model-specific attention index (A1)
was computed based on the difference in model prediction scores when the stories were attended versus
unattended (see Methods). Al is in the range of [-1,1], where a positive index indicates modulation in favor of
the attended stimulus and a negative index indicates modulation in favor of the unattended stimulus. For each ROI
in non-perisylvian cortex, spectral, articulatory, and semantic attention indices are given (mean + sem across
subjects), and their sum yields the overall modulation. Significant indices are marked with * (p < 0.05, bootstrap
test; see Supp. Fig. S8a-e for attention indices of individual subjects). a. ROIs in LH. Modulations in left IPS and
mOTS are not consistently significant in all subjects (p > 0.05). b. ROIs in RH. mOTSr that did not have consistent
speech selectivity in individual subjects was excluded (see Methods). These results indicate that selectivity
modulations manifest primarily at the semantic level in most of the non-perisylvian ROIs.
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Figure S8a: Model-specific attention indices for subject S1. A model-specific attention index (AL,) was
computed based on the difference in model prediction scores when the stories were attended versus unattended
(see Methods). AL, is in the range of [-1,1], where a positive index indicates modulation in favor of the attended
stimulus and a negative index indicates modulation in favor of the unattended stimulus. For each ROI, spectral,
articulatory, and semantic attention indices are given (mean + sem across speech-selective voxels in each ROI),
and their sum yields the overall modulation. Significantly positive modulations are marked with *, colored
according to the corresponding model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test).
a. Perisylvian ROIs. ROls in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom
panels, respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and
RH are shown in top and bottom panels, respectively.
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Figure S8b: Model-specific attention indices for subject S2. A model-specific attention index (AL,) was
computed based on the difference in model prediction scores when the stories were attended versus unattended
(see Methods). AL, is in the range of [-1,1], where a positive index indicates modulation in favor of the attended
stimulus and a negative index indicates modulation in favor of the unattended stimulus. For each ROI, spectral,
articulatory, and semantic attention indices are given (mean + sem across speech-selective voxels in each ROI),
and their sum yields the overall modulation. Significantly positive modulations are marked with *, colored
according to the corresponding model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test).
a. Perisylvian ROIs. ROls in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom
panels, respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and
RH are shown in top and bottom panels, respectively.
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Figure S8c: Model-specific attention indices for subject S3. A model-specific attention index (AL,) was
computed based on the difference in model prediction scores when the stories were attended versus unattended
(see Methods). AL, is in the range of [-1,1], where a positive index indicates modulation in favor of the attended
stimulus and a negative index indicates modulation in favor of the unattended stimulus. For each ROI, spectral,
articulatory, and semantic attention indices are given (mean + sem across speech-selective voxels in each ROI),
and their sum yields the overall modulation. Significantly positive modulations are marked with *, colored
according to the corresponding model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test).
a. Perisylvian ROIs. ROls in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom
panels, respectively. B. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and
RH are shown in top and bottom panels, respectively.
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Figure S8d: Model-specific attention indices for subject S4. A model-specific attention index (AL,) was
computed based on the difference in model prediction scores when the stories were attended versus unattended

(see Methods). Al,,

is in the range of [-1,1], where a positive index indicates modulation in favor of the attended

stimulus and a negative index indicates modulation in favor of the unattended stimulus. For each ROI, spectral,
articulatory, and semantic attention indices are given (mean + sem across speech-selective voxels in each ROI),
and their sum yields the overall modulation. Significantly positive modulations are marked with *, colored
according to the corresponding model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test).
a. Perisylvian ROIs. ROls in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom
panels, respectively. B. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and
RH are shown in top and bottom panels, respectively.
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Figure S8e: Model-specific attention indices for subject S5. A model-specific attention index (AL,) was
computed based on the difference in model prediction scores when the stories were attended versus unattended
(see Methods). AL, is in the range of [-1,1], where a positive index indicates modulation in favor of the attended
stimulus and a negative index indicates modulation in favor of the unattended stimulus. For each ROI, spectral,
articulatory, and semantic attention indices are given (mean + sem across speech-selective voxels in each ROI),
and their sum yields the overall modulation. Significantly positive modulations are marked with *, colored
according to the corresponding model and encircled if they are dominant within the ROI (p < 0.05, bootstrap test).
a. Perisylvian ROIs. ROls in perisylvian cortex are displayed. ROIs in the LH and RH are shown in top and bottom
panels, respectively. b. Non-perisylvian ROIs. ROIs in non-perisylvian cortex are displayed. ROIs in the LH and
RH are shown in top and bottom panels, respectively.
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Figure S9: Attentional modulation profiles for individual subjects. Modulation profiles of perisylvian ROIs
in subjects S1-S5 are shown on the cortical flatmaps. Significantly positive articulatory, semantic, and spectral
attention indices were projected to the red, green, and blue channels of the RGB colormap (see Methods). a. Left
perisylvian ROIs. b. Right perisylvian ROIs. In all subjects, a progression in the level of speech representations
dominantly modulated is apparent across bilateral temporal cortex in the superior-inferior direction (HG/HS —
mSTG - mSTS — MTG). Semantic modulation is dominant at both ends (MTG and PTR) of bilateral ventral
stream, while articulatory modulation is dominant at one end (PreG) of left dorsal stream (p < 0.05, bootstrap test;
see also Supp. Fig. S8a-e). There is no consistent tendency towards dominant articulatory or semantic modulation

at the other end of the left dorsal stream (POP).
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Figure S10: Global attention indices. To quantify overall modulatory effects on selectivity across all examined
feature levels, global attentional modulation (gAI) was computed by summing spectral, articulatory, and semantic
attention indices (see Methods). gAI is in the range of [-1,1], where a positive index indicates attentional
modulation in favor of the attended stimuli and a negative index indicates modulation in favor of the unattended
stimuli. A value of zero indicates no modulation. Bar plots indicate gAI (mean = sem across subjects). Significant
indices are marked with * (p < 0.05, bootstrap test; see the bar plots in Supp. Fig. 8a-¢ for gAl in individual
subjects). a. Perisylvian ROIs. ROIs within perisylvian cortex in LH and RH are displayed in top and bottom
panels, respectively. gAl is significant in all perisylvian ROIs consistently in all subjects except in right PT and
SMG (p > 0.05). b. Non-perislyvian ROIs. ROIs in non-perisylvian cortex are displayed. gAl is significant in all
non-perisylvian ROIs consistently in all subjects except in left IPS and mOTS (p > 0.05).
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Figure S11: Modulation hierarchies for individual subjects. a. Modulation hierarchies for subject SI.

Gradients in gAI across LD-1, LD-2, RD, LV-1, LV-2, RV-1 and RV-2 are shown in subfigures labeled accordingly.
Bar plots display gAI in each ROI (mean + sem across speech-selective voxels in each ROI). Only ROIs within a
given trajectory are included in the corresponding subfigure. Significant differences in gAI between consecutive
ROIs along the trajectory are marked with brackets (p < 0.05, bootstrap test). b. Modulation hierarchies for subject
S2. ¢. Modulation hierarchies for subject S3. d. Modulation hierarchies for subject S4. e. Modulation hierarchies
for subject S5. Gradients consistently obtained in each individual subject are (p < 0.05): gAlpr < gAlgy e <
gAlpop in LD-1, gAlpr < gAlgye < gAlpee in LD-2, gAly; < gAL,sr¢ < gAlLnsrs In LV-1, gAly, <
9AL, orc < gAl o1 in LV-2, and gAlL, ¢rc < gAl s7¢ iIn RV-2.
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Figure S12a: Representation of unattended speech in subject S1. Passive-listening models were tested on
cocktail-party data to assess representation of unattended speech during the cocktail-party task. Prediction scores
were calculated separately for a combination model comprising features of both attended and unattended stories
(Thnax: Optimal convex combination) and an individual model only comprising features of the attended story (7).
Significant difference in prediction between the two models is an indication that BOLD responses carry significant
information on unattended speech. Bar plots display normalized prediction scores (mean + sem across speech-
selective voxels in each ROI; combination model in light gray and individual model in gray). Significant scores
are marked with * (p < 10, bootstrap test), and significant differences are marked with brackets (p < 0.05).
Prediction scores are only displayed for ROIs in the dorsal and ventral streams, with significant selectivity for
given model features. a. Representation of unattended speech in the left hemisphere. Spectral, articulatory and
semantic representations are labeled in subplots accordingly. b. Representation of unattended speech in the right
hemisphere. Spectral, articulatory and semantic representations are labeled in subplots accordingly.
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Figure S12b: Representation of unattended speech in subject S2. Passive-listening models were tested on
cocktail-party data to assess representation of unattended speech during the cocktail-party task. Prediction scores
were calculated separately for a combination model comprising features of both attended and unattended stories
(Tnax: Optimal convex combination) and an individual model only comprising features of the attended story (7).
Significant difference in prediction between the two models is an indication that BOLD responses carry significant
information on unattended speech. Bar plots display normalized prediction scores (mean + sem across speech-
selective voxels in each ROI; combination model in light gray and individual model in gray). Significant scores
are marked with * (p < 10, bootstrap test), and significant differences are marked with brackets (p < 0.05).
Prediction scores are only displayed for ROIs in the dorsal and ventral streams, with significant selectivity for
given model features. a. Representation of unattended speech in the left hemisphere. Spectral, articulatory and
semantic representations are labeled in subplots accordingly. b. Representation of unattended speech in the right
hemisphere. Spectral, articulatory and semantic representations are labeled in subplots accordingly.
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Figure S12c: Representation of unattended speech in subject S3. Passive-listening models were tested on
cocktail-party data to assess representation of unattended speech during the cocktail-party task. Prediction scores
were calculated separately for a combination model comprising features of both attended and unattended stories
(Thnax: Optimal convex combination) and an individual model only comprising features of the attended story (7).
Significant difference in prediction between the two models is an indication that BOLD responses carry significant
information on unattended speech. Bar plots display normalized prediction scores (mean + sem across speech-
selective voxels in each ROI; combination model in light gray and individual model in gray). Significant scores
are marked with * (p < 10, bootstrap test), and significant differences are marked with brackets (p < 0.05).
Prediction scores are only displayed for ROIs in the dorsal and ventral streams, with significant selectivity for
given model features. a. Representation of unattended speech in the left hemisphere. Spectral, articulatory and
semantic representations are labeled in subplots accordingly. b. Representation of unattended speech in the right
hemisphere. Spectral, articulatory and semantic representations are labeled in subplots accordingly.
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Figure S12d: Representation of unattended speech in subject S4. Passive-listening models were tested on
cocktail-party data to assess representation of unattended speech during the cocktail-party task. Prediction scores
were calculated separately for a combination model comprising features of both attended and unattended stories
(Tnax: Optimal convex combination) and an individual model only comprising features of the attended story (7).
Significant difference in prediction between the two models is an indication that BOLD responses carry significant
information on unattended speech. Bar plots display normalized prediction scores (mean + sem across speech-
selective voxels in each ROI; combination model in light gray and individual model in gray). Significant scores
are marked with * (p < 10, bootstrap test), and significant differences are marked with brackets (p < 0.05).
Prediction scores are only displayed for ROIs in the dorsal and ventral streams, with significant selectivity for
given model features. a. Representation of unattended speech in the left hemisphere. Spectral, articulatory and
semantic representations are labeled in subplots accordingly. b. Representation of unattended speech in the right
hemisphere. Spectral, articulatory and semantic representations are labeled in subplots accordingly.
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Figure S12e: Representation of unattended speech in subject S5. Passive-listening models were tested on
cocktail-party data to assess representation of unattended speech during the cocktail-party task. Prediction scores
were calculated separately for a combination model comprising features of both attended and unattended stories
(Thnax: Optimal convex combination) and an individual model only comprising features of the attended story (7).
Significant difference in prediction between the two models is an indication that BOLD responses carry significant
information on unattended speech. Bar plots display normalized prediction scores (mean + sem across speech-
selective voxels in each ROI; combination model in light gray and individual model in gray). Significant scores
are marked with * (p < 10, bootstrap test), and significant differences are marked with brackets (p < 0.05).
Prediction scores are only displayed for ROIs in the dorsal and ventral streams, with significant selectivity for
given model features. a. Representation of unattended speech in the left hemisphere. Spectral, articulatory and
semantic representations are labeled in subplots accordingly. b. Representation of unattended speech in the right
hemisphere. Spectral, articulatory and semantic representations are labeled in subplots accordingly.
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