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Thyroid cancer is a common malignancy with broad
systemic endocrine and metabolic effects (Hammond
et al., 2024). Regarding diagnostics, if infra-slow body-
surface potential (BSP) features reflect a systemic state,
then this type of cancer is a reasonable clinical test case.
Prior electrodermal work has focused on faster tran-
sients above 0.5 Hz (Boucsein, 2012; Posada-Quintero
and Chon, 2020), and task-state skin potential abnor-
malities have been shown to distinguish mood disor-
ders from healthy controls (Lyu et al., 2024). We con-
centrated on an infra-slow band from 0.025 to 0.2 Hz,
called Band 1 herein. We evaluated whether infra-slow
features carry reproducible group-level information
when artifacts are explicitly controlled, with one pre-
specified primary endpoint. “Separable” here means a
group-level statistical difference, not individual-level di-
agnosis. In a cohort of 321 cancer patients, Band 1 en-
ergy showed a clear group-level association with thy-
roid cancer, which persisted after automated quality
control (QC) and under stricter artifact-removal settings.

BSPs were recorded using a custom direct current
(DC)-coupled system (CTP008 (CTP: connective tissue
potential)). The input impedance was Z,>100 MQ,
the input range was £20 mV, and the common-mode
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rejection ratio (CMRR) was >100 dB. The equivalent
input noise was <2.0 uV root mean square (RMS).
Self-adhesive Ag/AgCl pads were placed on the right
middle finger and inner wrist after alcohol-swab clean-
ing. The same sites were used for every participant be-
cause they are easy to access and support stable con-
tact. Participants sat with the hand on the table and
were told to stay still. The temperature in the rooms
was between 22 °C and 25 °C. Sampling was per-
formed at 5 Hz after a 1.0 Hz analog anti-aliasing fil-
ter. A digital high-pass filter and detrending were not
applied. Preserving DC and infra-slow content was
the central design choice. Each 15-min session had
three macro-phases: resting, provocation, and recov-
ery (Fig. 1). Provocation was split into three consecu-
tive blocks (positive, neutral, and negative) for analy-
sis. A total of 321 patients were recruited under insti-
tutional ethical approval. The hardware and acquisi-
tion parameters are summarized in Tables S1 and S2.
The clinical team reviewed all recordings for
major problems, such as electrode detachment or non-
compliance. All 321 sessions were retained for auto-
mated QC and feature extraction. Subsequently, three
automated steps flagged segments within each record-
ing. Clipping was flagged when the voltage was con-
stant (<0.01 mV change) for more than three samples
near the recording extremes. Step artifacts were flagged
when the sample-to-sample jump exceeded 5 mV.
Normal jumps were about 0.1-0.2 mV, which is far
below this threshold. A +1-sample guard was also
used around each detected step. A motion surrogate
was flagged when the local standard deviation (SD)
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CTP signal acquisition: time series with task states
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Fig. 1 Connective tissue potential (CTP) signal acquisition and frequency-domain decomposition. The upper panel shows a
representative normalized CTP time series recorded across task states (color-coded background regions). The protocol
includes resting, provocation, and recovery macro-phases. The red vertical line and annotation indicate the venipuncture
needle-insertion event. Slow oscillations and sustained baseline shifts are preserved because a high-pass filter was not
used. The lower panel shows the relative energy distribution across four frequency bands: Band 1 (0.025-0.2 Hz), Band 2
(0.2-0.4 Hz), Band 3 (0.4-0.65 Hz), and Band 4 (0.65-1.5 Hz), confirming that Band 1 contains the largest share of signal
energy. Acquisition parameters: CTP008 amplifier, input impedance Z, >100 M, analog low-pass at 1.0 Hz, 5 Hz

sampling, and no digital detrending.

in 10-s windows exceeded five times the session me-
dian. On average, (3.0+£8.5)% of each recording was
excluded. For five participants, >40% of data were
lost, and these participants were thus removed. The fi-
nal analytic cohort included 316 participants. Two
stricter threshold sets were also tested. For steps, the
thresholds were >3 mV and >2 mV. For motion, the
thresholds were set to values greater than three times
and greater than two times the session-median SD.
The thyroid-cancer effect held and slightly strength-
ened (P=0.0038, P=0.0031, and P=0.0020; Tables S3
and S4). Sensitivity reprocessing was based on raw-
signal reprocessing that required valid phase markers;
therefore, the per-threshold sample size can be slightly
smaller than 316.

Band 1 energy is the Welch power spectral density
(PSD) integral over 0.025-0.2 Hz per analysis block.
A Hann window was employed with 120-s segments
and 50% overlap. This yields one value per block and
per person, and it reduces sensitivity to brief tran-
sients. The tonic baseline was the median DC voltage
per block, referenced to the resting block. A single pri-
mary endpoint was pre-specified as the Band 1 energy
difference between thyroid cancer and other malig-
nancies. All other tests were exploratory. For classifi-
cation, stratified 5-fold cross-validation (CV) was re-
peated ten times with seeds 0-9. Splits were at the sub-
ject level and model settings were fixed. Only Synthetic
Minority Over-sampling Technique (SMOTE) within
training folds was used. Uncertainty for classification
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metrics was estimated by bootstrap resampling of out-
of-fold predictions (Table S5).

After QC, thyroid-cancer patients (n=81) had
higher Band 1 energy than others (n=235) (Fig. 2a).
The mean+SD was 13.32+17.15 vs. 10.12+21.52. The

median [interquartile range (IQR)] was 9.23 [5.02—
15.22] vs. 6.23 [3.01-11.00]. The main group test was
Mann-Whitney U (MW-U), with P=0.0014. Cohen’s
d was 0.157 (Table 1). Both distributions are right-
skewed, so medians were reported alongside means.
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Fig. 2 Thyroid-cancer association in the low-frequency signal space (post-quality control (QC) cohort, n=316). (a) Violin
plot with individual data points shows elevated Band 1 energy (0.025-0.2 Hz) in thyroid cancer relative to other cancers
(Mann-Whitney U, P=0.0014). (b) Cumulative distribution functions confirm a distributional shift (Kolmogorov-Smirnov
(KS) test, P=0.004). (c) Sensitivity to QC stringency: the group difference persists under stricter artifact removal (all P<
0.005). (d) Feature importance ranking for the thyroid-cancer classifier in this cohort. excl.: excluded; Rest: resting; Pos:
positive; Neg: negative; Recov: Recovery.

Table 1 Group comparison of Band 1 energy (0.025-0.2 Hz) between thyroid cancer and other cancers after automated
quality control (QC) exclusion (five participants removed)

Group n Mean+SD Median [IQR] P (MW-U) Cohen’s d
Thyroid 81 13.32+17.15 9.23 [5.02-15.22] 0.0014 0.157
Other 235 10.12+21.52 6.23 [3.01-11.00]

After 1.5% IQR outlier removal
Thyroid 77 <0.001 0.530
Other 222

Both parametric (meantstandard deviation (SD)) and non-parametric (median [interquartile range (IQR)]) descriptors are reported because
Band 1 energy is right-skewed. MW-U: Mann-Whitney U.



The standardized effect is small, with clear overlap
between groups, but the distributional shift is visible
across the full range (Fig. 2b) and persists under stricter
QC settings (Fig. 2¢). A robustness check after 1.5x
IQR outlier removal (thyroid 4; other 13) is reported.
Under that rule, the effect estimate increases, with P<
0.001 and Cohen’s d=0.530. The main claim does not
depend on removing outliers. The recording sites (fin-
ger and wrist) are far from the thyroid gland, suggest-
ing that the observed difference, if replicated, reflects
a whole-body rather than a local effect.

Depression risk (Patient Health Questionnaire-9
(PHQ-9) score=10) was also included as an exploratory
analysis. Only BSP-derived signal features were used,
and the same QC and CV rules were kept. Perfor-
mance was near-chance, with an area under the receiver
operating characteristic curve (AUC) of about 0.50
(Table S5). Band 1 does not independently separate
depression-risk groups in this cohort. This null result
helps define the boundary of what infra-slow features
capture in this dataset.

The above results suggest that infra-slow BSP fea-
tures can act as a non-invasive marker of the systemic
state in oncology. Bind 1 energy was ranked among
the most important signal features by the thyroid clas-
sifier (Fig. 2d). The main mechanism is simple: Band 1
energy from a short two-electrode recording remains
detectable after QC and under stricter artifact removal.
This effect is group-level and the distributions over-
lap. However, we do not claim diagnostic use in in-
dividuals. Signal-only classification is near-chance
(Table S5). A practical next step is to test whether
Band 1 energy tracks endocrine or metabolic measures
in thyroid disease. Another possible step is to test
whether it is stable within a person across repeated
sessions. Meanwhile, given these findings, the physio-
logical source is not yet clear. The features may re-
flect electrodermal activity, blood flow, metabolism,
medication, or other slow processes. Multi-modal re-
cordings will be needed to separate these factors. In-
dependent cohorts will also be necessary to validate
the marker.

Despite the promising results, there are some limi-
tations. First, CTP0OOS lacks real-time impedance log-
ging. The QC pipeline and sensitivity analysis may
help compensate for this, but direct impedance moni-
toring would be better. Second, temperature and per-
spiration were not tracked. Third, we did not model
key clinical covariates. Medication and pain are two
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examples, and both can affect the autonomic state.
Fourth, the single-center cohort has no healthy con-
trols. Multi-site replication with standardized place-
ment and a healthy reference group is needed (Zhang
et al., 2024). Test—retest reliability and device calibra-
tion also remain to be analyzed and performed. A di-
rect next step would be independent replication with
DC-coupled hardware and shared analysis code.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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