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[bookmark: Xc47c87a59e41d9652429d5d83c8e681c065ee4d]Menstrual-Cycle Modulation of Striato-Pallidal Reward Reactivity to Nicotine-Product Cues in Exclusive E-Cigarette Users
[bookmark: supplementary-methods]Supplementary Methods
[bookmark: preprocessing]Preprocessing
Preprocessing was performed in CONN v22.v2407 with SPM12: realignment and unwarping, ART-based outlier detection (global-signal z>5; framewise displacement >0.9 mm), unified segmentation-normalization to 2 mm MNI152 space, spatial smoothing (6 mm FWHM Gaussian), anatomical CompCor denoising (5 white-matter and 5 CSF components, plus 12 realignment parameters and their first derivatives), and high-pass filtering (128 s). Distortion correction used FSL topup with paired AP/PA spin-echo acquisitions.
[bookmark: first-level-models]First-level models
Per participant and session, Smoking, Vaping and Neutral blocks were modelled as boxcars convolved with the canonical HRF; six motion parameters were nuisance regressors. Contrasts were computed for Smoking>Neutral, Vaping>Neutral, Vaping>Smoking (and reverses), and average-cue>Neutral.
[bookmark: X6fc65be0da18f80cd1c79956bbd79044780e739]Anatomical reward-mask construction (a priori)
The striato-pallidal reward mask was built from the public Neuromorphometrics atlas (SPM12 labels_Neuromorphometrics) by combining bilateral accumbens, pallidum and putamen labels (right/left accumbens area, pallidum, putamen), resliced by nearest-neighbour to the 2 mm analysis grid (2 095 voxels). A bilateral accumbens sub-mask (153 voxels) was constructed identically. For localization onto the specific region reported in prior smoker menstrual-cycle work, we additionally defined separate, non-overlapping anatomical ROIs from the same atlas: bilateral dorsal putamen (putamen restricted to z ≥ 2 mm; 588 voxels), bilateral accumbens (153 voxels), and bilateral pallidum (481 voxels). All masks were defined independently of the observed activation and are fully reproducible from the public atlas.
[bookmark: valid-small-volume-correction]Valid small-volume correction
Peak-level familywise-error SVC was computed using Random-Field-Theory resel counts derived from each mask on the analysis grid (SPM spm_resels_vol), with the residual smoothness and error degrees of freedom from the corresponding second-level model. This replaces an earlier ad-hoc resel specification.
[bookmark: tfce]TFCE
Threshold-free cluster enhancement used FSL randomise on per-subject FP-minus-LP difference images with the mean-FD covariate (5,000 permutations), reporting voxelwise FWE-corrected p.
[bookmark: X5e25ff6021d94629aab38560d5c103873f30b06]Statistical hierarchy and analysis inventory
See Supplementary Table S5 for the full inventory, with each analysis labelled prespecified/confirmatory, secondary, exploratory or robustness.
[bookmark: Xb110cabb25a617afa3595c4d84cec1cd41111ec]Supplementary Results (summary; full statistics in tables)
· Vaping>Neutral / Smoking>Neutral main effects (Table S3): each collapsed into a single extensive cluster reflecting a shared global cue-versus-neutral component; the Vaping>Smoking contrast removes it. Vaping cues engaged the accumbens versus neutral (accumbens SVC T=4.29, [6,14,−4], p=.004; striato-pallidal SVC T=4.89, [18,4,−4], p=.007).
· Hormone→activation (Table S2): between-person E1G/PdG on the FP−LP phase difference and on session-averaged reactivity were null (PdG–reward-ROI trend p=.07, nonsignificant). Within-phase FP/LP regressions are exploratory (both directions), including higher follicular PdG associated with lower Smoking>Neutral activation (Fig S1).
· Dependence (Table S4): e-FTND (EC) and FTND (SC) regressions on cue reactivity were null (max EC Vaping>Neutral NAcc p=.068, nonsignificant).
· Smoking>Neutral phase effect, both groups (Table S6): The Franklin-type Smoking>Neutral FP>LP phase contrast was tested directly in both groups on identical a priori reward ROIs (dorsal putamen, accumbens, pallidum). It was null in exclusive vapers (n=19; whole-brain no clusters; dorsal putamen p=.93, accumbens p=.69, pallidum p=.92) and in exclusive smokers (n=21; whole-brain no clusters; dorsal putamen p=.91, accumbens p=.63, pallidum p=.89), in both directions; the largest sub-threshold reward-ROI peaks were LP>FP (vapers pallidum T=2.64, p=.18; smokers pallidum T=2.20, p=.26). Thus the prior smoker smoking-cue phase effect did not replicate in either group under whole-brain correction or a priori reward-ROI SVC.
· Comparison groups (Table S6): The phase effect was not detected in SC or HC, and the formal group × phase interaction was not significant. Therefore, these analyses do not establish specificity to exclusive vapers. Adequately powered between-group testing is needed.
· Exploratory gPPI (Table S2; Figure S2): higher between-person E1G associated with greater FP−LP pallidal coupling at [28,−76,−2] (fusiform/inferior-occipital; exploratory, did not survive peak-level FWE SVC in the anatomical lingual mask). Leave-one-out: the E1G slope changed little when any single participant was removed (no observation exceeded conventional influence thresholds); covariate sensitivity: peak T ≈ 6.3–6.7 adding age, exposure, or mean FD individually. These indicate point-estimate stability, not statistical significance. Additional exploratory clusters: inferior parietal, superior temporal/rolandic, lingual/fusiform, medial-frontal/ACC.
· SPM-native gPPI sensitivity analysis: As a sensitivity analysis, gPPI was repeated in SPM12 using the composite reward-mask, accumbens, and dorsal-putamen seeds. No FP>LP, LP>FP, E1G, or PdG connectivity effect survived whole-brain or reward-target correction for any seed. No corrected evidence of phase- or hormone-modulated connectivity was detected across the tested seeds or analysis pipelines.
· Behaviour (Table S1): vaping-cue preference at both visits (FP t(18)=3.64, p=.002; LP t(18)=3.22, p=.005); in-scanner smoking-cue craving lower at FP (t(18)=−2.30, p=.034, d=−.53); in-scanner vaping- and neutral-cue craving did not differ by phase (t(18)=−0.77, p=.452; t(18)=−1.09, p=.290); pre-scan (trait) QVC craving no phase difference (t(18)=1.03, p=.317); brain–craving correlations none surviving FDR.
The full Supplementary Tables S1–S6 follow below. 
[bookmark: supplementary-figures]Supplementary Figures
Figure S1. Exploratory within-phase association between follicular progesterone and Smoking>Neutral activation (exclusive vapers, n=19). Whole-brain regression, with mean framewise displacement as a nuisance covariate, showing voxels where higher follicular-phase (FP) urinary pregnanediol glucuronide (PdG) was associated with lower Smoking>Neutral activation (negative association). Display threshold voxelwise p<0.001, uncorrected; this is an exploratory, hypothesis-generating map that did not undergo family-wise-error control and is not a corrected finding. The colour bar denotes the t-statistic of the (negative) association. Suprathreshold clusters include precuneus, lingual gyrus, and brainstem; coordinates are in MNI space. E1G, estrone-3-glucuronide; PdG, pregnanediol glucuronide.
Figure S2. Exploratory hormone–connectivity (gPPI) associations, pallidum seed (exclusive vapers, n=19). Generalized psychophysiological interaction with the right pallidum/ventral striatum cluster ([16,2,0]) as seed. Maps show voxels where a hormone level was associated with the FP-minus-LP difference in pallidal coupling during Vaping>Smoking: higher within-person FP estradiol (E1G) associated with stronger pallidum–inferior-parietal coupling, and higher within-person FP progesterone (PdG) associated with weaker pallidum–superior-temporal coupling. Display threshold voxelwise p<0.001, uncorrected; both associations are exploratory and did not survive valid small-volume correction. The colour bar denotes the t-statistic; coordinates are in MNI space.
Figure S3. A priori reward regions of interest and Vaping>Neutral accumbens engagement (exclusive vapers, n=19). (A) Anatomical a priori regions of interest from the Neuromorphometrics atlas, defined independently of the data and shown as solid anatomical outlines (not statistical maps): the composite striato-pallidal reward mask (accumbens + pallidum + putamen) and the bilateral accumbens sub-mask. (B) Session-averaged Vaping>Neutral response with the accumbens ROI outlined; within this a priori ROI, vaping cues engaged the nucleus accumbens relative to neutral cues (peak-level FWE small-volume-corrected T=4.29, peak [6,14,−4], p=.004). The widespread map is displayed at voxelwise p<0.001 for visualization only; the reported p=.004 derives from the a priori accumbens ROI small-volume correction, not from the whole-brain map. Coordinates are in MNI space.
Correct units: E1G/Cr and PdG/Cr are each reported in ng/mg creatinine throughout.
[bookmark: supplementary-tables]Supplementary Tables
Table S1. Behavioural craving, and brain–craving / hormone–craving associations (exclusive vapers, n=19).
	Measure / association
	Test
	Statistic
	p
	Effect size
	Result

	Vaping- vs smoking-cue rating, FP (preference)
	One-sample t (df=18)
	t=3.64
	p=.002
	—
	Vaping preferred

	Vaping- vs smoking-cue rating, LP (preference)
	One-sample t (df=18)
	t=3.22
	p=.005
	—
	Vaping preferred

	In-scanner smoking-cue craving, FP vs LP
	Paired t (df=18)
	t=−2.30
	p=.034
	d=−0.53
	Lower at FP

	In-scanner vaping-cue craving, FP vs LP
	Paired t (df=18)
	t=−0.77
	p=.452
	d=−0.18
	No phase difference

	In-scanner neutral-cue craving, FP vs LP
	Paired t (df=18)
	t=−1.09
	p=.290
	d=−0.25
	No phase difference

	Pre-scan (trait) QVC craving, FP vs LP
	Paired t (df=18)
	t=1.03
	p=.317
	—
	No phase difference

	Strongest brain–craving: pallidum (Neutral) β × (Vaping−Smoking) craving
	Pearson r (FDR)
	—
	p=.008 uncorrected
	—
	Does not survive FDR

	Hormone (E1G, PdG) × craving
	Pearson r (FDR)
	—
	n.s. (FDR)
	—
	None survive FDR


Cue preference tested as a one-sample t-test of the (vaping−smoking) rating difference against zero; phase effects tested as paired t-tests (FP vs LP). FDR = Benjamini–Hochberg across brain–craving and hormone–craving tests. The strongest brain–craving association (pallidum Neutral-cue beta × Vaping-minus-Smoking craving) was p=.008 uncorrected and did not survive FDR.


Table S2. Hormone→activation and hormone→connectivity (gPPI) models, with peak-level FWE p (exploratory / secondary).
	Model
	Predictor / contrast
	Region (peak)
	Peak T
	Peak p-FWE
	Category

	Hormone → activation (between-person mean, log)

	FP−LP Vaping>Smoking
	logPdG
	reward ROI
	—
	p=.07 (trend)
	Secondary (trend)

	FP−LP Vaping>Smoking
	logE1G
	reward ROI / whole-brain
	—
	no peak survived FWE SVC
	Secondary (null)

	Session-avg Vaping>Smoking / Vaping>Neutral
	logE1G, logPdG
	reward ROI / whole-brain
	—
	no peak survived FWE SVC
	Secondary (null)

	Within-phase FP: logPdG → Smoking>Neutral
	FP logPdG
	precuneus/lingual/brainstem
	—
	clusters p<.001 (exploratory; Fig S1)
	Exploratory

	Hormone → connectivity (gPPI), pallidum [16,2,0] seed

	FP−LP pallidal coupling
	logE1G
	fusiform/inf-occipital [28,−76,−2]
	6.63
	whole-brain peak; did not survive SVC
	Exploratory

	lingual-gyrus SVC (anatomical)
	logE1G
	in-mask [24,−74,−2]
	4.46
	p(FWE)=.050; did not meet prespecified criterion
	Exploratory

	atlas-rebuilt lingual mask (2 804 vox)
	logE1G
	in-mask peak
	2.41
	p(FWE)=.97; did not survive
	Exploratory

	leave-one-out / covariate sensitivity
	logE1G
	peak
	≈6.3–6.7
	point-estimate stability only
	Robustness

	SPM-native gPPI sensitivity analysis — reward-mask seed

	FP>LP
	phase
	striato-pallidal [32,2,−4]
	0.94
	p=.903
	Exploratory sensitivity (null)

	LP>FP
	phase
	striato-pallidal [24,−10,2]
	0.80
	p=.919
	Exploratory sensitivity (null)

	logE1G
	E1G
	reward target [18,16,−8]
	1.70
	p=.688
	Exploratory sensitivity (null)

	logPdG
	PdG
	reward target [20,10,−12]
	0.88
	p=.895
	Exploratory sensitivity (null)

	SPM-native gPPI sensitivity analysis — accumbens seed

	FP>LP
	phase
	reward target [−10,12,−8]
	0.58
	p=.921
	Exploratory sensitivity (null)

	LP>FP
	phase
	reward target [−28,−20,8]
	0.85
	p=.899
	Exploratory sensitivity (null)

	SPM-native gPPI sensitivity analysis — dorsal-putamen seed

	FP>LP
	phase
	dorsal putamen [−28,−6,4]
	0.93
	p=.719
	Exploratory sensitivity (null)

	LP>FP
	phase
	pallidum [24,−10,2]
	0.86
	p=.707
	Exploratory sensitivity (null)

	logE1G (neg)
	E1G
	accumbens [10,10,−6]
	1.46
	p=.299
	Exploratory sensitivity (null)

	logPdG
	PdG
	accumbens
	0.49
	p=.512
	Exploratory sensitivity (null)


Peak-level FWE small-volume correction, resel-based. gPPI values are the strongest (smallest-p) peak within the tested reward regions; none is significant. Leave-one-out and covariate-sensitivity results index point-estimate stability, not statistical significance.


Table S3. Whole-brain cue-versus-neutral contrasts and the reverse phase contrast (exclusive vapers, n=19).
	Contrast
	Direction
	Whole-brain (voxel p<.001, cluster-FWE)
	A priori ROI
	Peak T
	SVC p-FWE

	Vaping > Neutral (session-averaged)
	positive
	Spatially extensive, overlapping cue-versus-neutral responses
	accumbens
	4.29
	p=.004

	Vaping > Neutral (session-averaged)
	positive
	(as above)
	striato-pallidal reward
	4.89
	p=.007

	Smoking > Neutral (session-averaged)
	positive
	No clusters survived cluster-FWE
	reward ROIs
	—
	no peak survived FWE SVC

	Neutral > Smoking (reverse)
	reverse
	Spatially extensive, overlapping cue-versus-neutral responses (posterior-midline visual/cerebellar peak)
	—
	—
	—

	Vaping > Smoking, LP > FP (reverse phase)
	reverse
	No clusters survived cluster-FWE
	reward ROIs
	—
	no peak survived FWE SVC


The cue>neutral contrasts show spatially extensive and overlapping cue-versus-neutral responses. The Vaping>Smoking contrast directly compares the two product-cue categories and reduces response components common to both. The accumbens Vaping>Neutral result is an a priori region-of-interest test.


Table S4. Nicotine-dependence regressions on cue reactivity (secondary; null).
	Group (n)
	Dependence
	Cue contrast
	Whole-brain
	Reward ROI
	Category

	Vapers EC (19)
	e-FTND
	Vaping > Neutral
	No clusters survived
	NAcc p=.068 (n.s.)
	Secondary (null)

	Vapers EC (19)
	e-FTND
	Vaping > Smoking
	No clusters survived
	no peak survived FWE SVC
	Secondary (null)

	Smokers SC (21)
	FTND
	Smoking > Neutral
	No clusters survived
	no peak survived FWE SVC
	Secondary (null)


Mean framewise displacement included as a nuisance covariate. The largest sub-threshold effect (EC Vaping>Neutral, accumbens) did not reach significance.


Table S5. Complete analysis inventory with statistical hierarchy.
	#
	Analysis
	Model / threshold
	Category
	Outcome

	1
	Vaping>Smoking, FP>LP (EC, n=19)
	Paired t + mean FD; voxel p<.001, cluster-FWE p<.05
	Primary / confirmatory
	6 clusters (Table 2)

	2
	TFCE permutation of the primary contrast
	FSL randomise, 5,000 permutations, FWE p<.05
	Confirmatory (robustness)
	Survives

	3
	Reward-node localization of the corrected peak
	A priori striato-pallidal mask; peak-FWE SVC
	Secondary (localization)
	T=5.96, p=.003

	4
	Dorsal-putamen a priori ROI (Franklin)
	peak-FWE SVC
	Secondary (a priori)
	T=4.09 [22,2,2], p=.020

	5
	Pallidum a priori ROI
	peak-FWE SVC
	Secondary (a priori)
	T=4.63 [16,0,0], p=.007

	6
	Vaping>Neutral accumbens engagement
	A priori accumbens ROI; peak-FWE SVC
	Secondary (a priori)
	T=4.29, p=.004

	7
	Anchor covariate checks (FD; exposure; both)
	Add covariate(s) to primary model
	Robustness
	Holds (p=.019–.023)

	8
	Smoking>Neutral, FP>LP (EC and SC)
	WB + reward-ROI SVC, both directions
	Secondary
	Null (Table S6)

	9
	Hormone→activation regressions (E1G, PdG)
	Between-person & within-phase; WB + SVC
	Secondary / exploratory
	Null (PdG trend p=.07)

	10
	Dependence regressions (e-FTND, FTND)
	WB + reward SVC
	Secondary
	Null (Table S4)

	11
	Comparison-group within-phase (SC, HC)
	WB + reward SVC
	Secondary
	Null (Table S6)

	12
	Hormone→connectivity (gPPI), pallidum seed
	Uncorrected p<.001; anatomical SVC
	Exploratory
	Did not survive SVC

	13
	Leave-one-out & covariate sensitivity (gPPI)
	Point-estimate stability
	Robustness
	Stable estimate only

	14
	SPM-native gPPI sensitivity (reward, accumbens, putamen)
	WB + reward-target SVC
	Exploratory sensitivity
	Null (Table S2)

	15
	Behavioural craving & brain/hormone–craving
	Paired t; FDR
	Secondary
	Craving t=−2.30, p=.034


Confirmatory inference rests on analyses 1–2. Analyses 3–5 use the same sample and Vaping>Smoking FP>LP contrast to localize the whole-brain-corrected effect within hypothesis-driven reward regions; they are not independent confirmation. Analysis 6 is a separate a priori ROI test of Vaping>Neutral accumbens engagement.


Table S6. Comparison-group and Smoking>Neutral phase analyses (peak T, peak p-FWE).
	Analysis
	Group (n)
	Direction
	Whole-brain
	Dorsal putamen
	Accumbens
	Pallidum

	Smoking>Neutral phase
	Vapers EC (19)
	FP>LP
	No clusters
	T=0.00, p=.930
	T=0.00, p=.688
	T=0.00, p=.915

	Smoking>Neutral phase
	Vapers EC (19)
	LP>FP
	No clusters
	T=2.48, p=.255
	T=1.58, p=.384
	T=2.64, p=.179

	Smoking>Neutral phase
	Smokers SC (21)
	FP>LP
	No clusters
	T=0.00, p=.910
	T=0.00, p=.626
	T=0.00, p=.894

	Smoking>Neutral phase
	Smokers SC (21)
	LP>FP
	No clusters
	T=1.92, p=.403
	T=1.74, p=.273
	T=2.20, p=.259

	Within-phase cue reactivity
	Smokers SC (21)
	FP, LP
	No clusters
	no FWE peak
	no FWE peak
	no FWE peak

	Within-phase cue reactivity
	Controls HC (21)
	FP, LP
	No clusters
	no FWE peak
	no FWE peak
	no FWE peak

	Pooled preferred>non-preferred (+E1G)
	EC+SC (40)
	both
	No clusters
	no FWE peak
	no FWE peak
	no FWE peak


The prior smoker smoking-cue phase effect did not replicate in either group under whole-brain correction or a priori reward-ROI SVC. No effect survived peak-level FWE correction within any tested reward ROI. The study was not powered for between-group comparison; group specificity cannot be established. 
