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Abstract: Statistically significant violations of the Clauser–Horne–Shimony–Holt (CHSH) inequality
are the “gold standard” test for quantum entanglement between spatially separated systems. Here,
we report an experimental design that implements a CHSH test between bioelectric state variables
for a human subject and bioelectric and/or biochemical state variables for cultured human cells in
vitro. While we were unable to obtain evidence for entanglement with this design, observing only
classical correlation, we report lessons learned and suggest possible avenues for future studies.
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1. Introduction

Since its first observation by Aspect et al. in 1982 [1], quantum entanglement between
spatially separated systems has become a well-established physical phenomenon [2,3]
that serves as the basis for multiple quantum communication, security, and computing
technologies [4–7]. Formally, a state |AB⟩ (using the Dirac notation) of a composite quantum
system AB is separable if it factors, i.e., if |AB⟩ = |A⟩|B⟩; otherwise, it is entangled. Whether
a state factors depends on the choice of Hilbert-space basis used to describe it, and hence, on
the choice of observables used to characterize it experimentally. Whether entanglement can
be observed or accessed as a resource in a given physical situation is, therefore, dependent
on both the formal and the experimental methods employed [8–12].

On the theoretical side, entanglement between fundamental processes of information
exchange is increasingly being proposed to underlie the structure of spacetime itself [13–18].
Such models challenge the idea that entangled systems are “spatially separated”; in partic-
ular, they require a distinction between the laboratory reference frame in which systems
are observed and any spatial reference frame attributed to the systems themselves. One
response to this situation is the “ER = EPR” hypothesis that entangled states are equivalent
to Einstein–Rosen (ER) bridges, i.e., to topological connections or “wormholes” between
otherwise-distinct regions of spacetime [19]. This hypothesis cannot at present be ex-
perimentally tested [20]; however, it has proven theoretically productive, particularly in
black-hole physics. If ER = EPR is correct, entangled systems may appear to have spatially
separated components when measured in a laboratory reference frame, but nonetheless,
have no “internal” spatial separation.

While the idea that living systems employ quantum coherence, and, therefore, entan-
glement, as an information processing resource was proposed by Schrödinger as early as
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1944 [21], searches for entanglement effects in living systems were initially considered to
be infeasible due to the scale of expected decoherence effects [22]. Empirical work over
the past two decades has, however, yielded considerable evidence for entanglement at the
macromolecular scale [23–25], although the interpretation of these results remains contro-
versial [26–28]. Internal use of entanglement as a computational resource by individual
cells is consistent with their measured energy budgets, which, in both prokaryotes and
eukaryotes, are orders of magnitude smaller than expected for purely classical information
processing [29]. It is also consistent with recent observations of long-range electrodynamic
coherence between macromolecules in a cell-like in vitro environment [30].

Entanglement effects can be expected to be even more difficult to demonstrate at
the multicellular scale. Lee et al. [31] have approached this problem by abandoning
physiological conditions, cooling a tardigrade (Ramazzottius varieornatus) to cryogenic
temperatures and demonstrating entanglement between the frozen—but later revived—
tardigrade and two qubits implemented micro-electronically. Such methods clearly will not
work for entanglement searches in multi-neuron circuits or whole brains, and hence, will
not work for testing “quantum brain” theories, of which the OrchOR theory of Hameroff
and Penrose [32,33] is the most prominent. A direct approach to this question has been
taken by Kerskens and López Pérez [34], who employed nuclear magnetic resonance (NMR)
of bulk water in the brain as an entanglement witness to detect whole-brain scale coherence.

It has long been suggested that human perception, decision making, or other aspects of
cognition may involve quantum processes [35–39], leading to the development of quantum
decision theories [40–42]. Motivated by these ideas, psychological methods have also been
used to search for entanglement. A large “quantum cognition” literature has claimed
to demonstrate entanglement effects via the indirect method of psychological testing
of awake human subjects [43]; however, many of these studies have been shown to be
statistically flawed [44]. Indeed, it is the difficulty of detecting entanglement, in the
form of non-causal or “intrinsic” context dependence [45–47], in the presence of classical,
causal, context dependence that prompted the development of the contextuality by default
(CbD) methodology for statistical analysis of entanglement studies [48,49]. Entanglement
effects in human cognition have been demonstrated with high reliability using this latter
methodology [50,51].

Here, we describe a search for detectable entanglement effects between brain- or
body-scale bioelectric states of a human subject and bioelectric or biochemical states of
a population of cultured human cancer cells in vitro. The human subject in these experi-
ments was a biofield therapist [52] practicing the Bengston image-cycling method [53] of
biofield therapy (BT). The cells were human PANC-1 pancreatic cancer cells. Our experi-
mental design implemented a standard Clauser–Horne–Shimony–Holt (CHSH) statistical
test for entanglement [54], and hence, was insensitive to underlying mechanisms. The
entanglement search was motivated by preliminary data [55,56] demonstrating statisti-
cally significant effects of BT on cancer cell proliferation, motility, invasiveness, bioelectric
state, and protein expression, consistent with previous results examining the effects of
BT on lung cancer in mice in vitro and in vivo [57,58], and by the purported distance-
independence of BT methods. While entanglement effects were not observed in this study,
numerous low-level but statistically significant classical correlations were observed. Here,
we report the experimental design, procedures used, and lessons learned from this neg-
ative entanglement-search result; a full classical analysis of the data obtained will be
reported elsewhere.

2. Materials and Methods

We first describe the general structure of CHSH tests for entanglement [54], which
derive from the pioneering work of Bell [59] on the mathematical analysis of thought
experiments first proposed by Einstein, Podolsky, and Rosen [60]. We then describe the
design and specific methods used in the present experiments.
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2.1. General Structure of CHSH Tests

The “gold standard” experimental test for entanglement is, effectively, a test for the
existence of a joint probability distribution satisfying the Kolmogorov axioms over a set of
outcomes of measurements of two systems, conventionally called A and B. In the CHSH
formulation, the test is derived by considering pairs of observables A1, A2 and B1, B2 that
characterize the systems A and B, respectively, where each of these observables can have
either +1 or −1 as an outcome value on each of a large number of independent trials. One
then considers the quantity:

S = | < A1, B1 > + < A1, B2 > + < A2, B1 > − < A2, B2 > |, (1)

where for any variables x and y, the notation < x, y > denotes the expectation value of
a joint measurement of x and y and |x| denotes the absolute value of x. If the A and B
observables are mutually independent and perfectly pairwise (A1 with B1 and A2 with
B2) classically correlated or anticorrelated, the maximum value S = 2 is obtained; if they
are less than perfectly correlated, S < 2. For classical observables, therefore, we have the
CHSH inequality:

S ≤ 2; (2)

see [61,62] for formal proof.
In a standard “Bell/EPR” experiment, e.g., as performed by Aspect et al. [1] and as

replicated many times thereafter, e.g., [63–70], a source emits pairs of “particles” that can
each occupy one of two states |+ 1⟩ or | − 1⟩ that are or can be conceptualized as “spin”
states | ↑⟩ and | ↓⟩. The states are measured at locations A and B using detectors that each
have an adjustable “setting” that is, or can be conceptualized as, a polarization angle. For
classically correlated, but unentangled, spins, the expectation value for pairs of outcomes
obtained at the two locations is proportional to the difference between the polarization
angles. For pairs of spins in opposite directions, the usual situation for CHSH tests, the
outcomes at A and B will be perfectly anticorrelated at 0◦ and 360◦ angular separation,
perfectly correlated at 180◦ angular separation, and perfectly uncorrelated at 90◦ and 270◦

angular separation, as shown in Figure 1. Entangled photons, however, interfere with each
other, replacing the linear dependence on angle with:

< A, B >= −cos[2(a − b)], (3)

where a and b are the polarizer angles. This correlation function differs maximally from the
classical correlation at 45◦, 135◦, 225◦, and 315◦ as shown in Figure 1. These are the optimal
angles for a CHSH experiment, and are those chosen in practice. Two of these angles are
employed at each location, allowing the choice of angle at each site to be coded as +1 or
−1. While the maximal violation of Equation (2) is Tsirelson’s bound [71], 2

√
2 ∼ 2.8, the

actual values obtained experimentally are typically significantly less; e.g., Rowe et al. [65]
achieved values of S between 2.2 and 2.3 in an experiment using atomic states as entangled
“spin” pairs, while Cervantes and Dzhafarov [50] achieved S∼2.4 with human subjects
using binary-choice questions.

Physical systems can exhibit apparent violations of the CHSH inequality, and hence,
apparent entanglement effects, if the time resolution of measurements is sufficiently low
that alterations of the “settings” at one measurement site can causally affect the outcomes
obtained at the other site. “Causal” here means via some mechanism that transfers infor-
mation at less than or equal to the speed of light; hence, such effects are often referred to as
“signaling” effects. Such confounding causal mechanisms can be avoided by manipulating
the “settings” in times much shorter than the light travel time between instruments, i.e., in
nanoseconds to microseconds for instruments located meters to kilometers apart.

Avoiding confounding causal effects in experiments on biological systems has so
far not been feasible. This has motivated a search for extensions of the CHSH inequality
that account for any such causal effects. The CbD framework [48,49] accomplishes this
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by associating each individual measurement with a context—effectively, a collection of
additional “settings” variables—and tests for classical effects of the choice of measurement
context on the outcomes. As noted earlier, this methodology allowed the experimental
demonstration of entanglement effects in human decision making even in the presence of
signaling [50,51].

Figure 1. Expected outcome values for joint measurements of photon pairs at A and B as a function
of difference in polarizer angles, assuming perfect classical correlation (red) and entanglement (blue).
Optimal angles are indicated by asterisks. From [72], CC-BY license.

Following the notation of [62], the CbD extension of the CHSH inequality can be
written, in the absence of classical causal effects, as ([62], Equation (36)):

maxij| < A11, B11 > + < A12, B21 > + < A21, B12 > + < A21, B22 > −2 < Aij, Bij > | ≤ 2, (4)

where the notation Aij indicates that observable Ai has been measured in context j. Classical
causal effects are accounted for by including a measure of the effects of context changes on
individual variables that can be written ([62], Equations (32), (34) and (35)):

2∆0 = ∑
i

δ(Ai) + ∑
j

δ(Bj), (5)

where δ(Ai) =< Ai1 > − < Ai2 > and δ(Bj) =< Bj1 > − < Bj2 >. Any physically
meaningful measure of signaling effects must be non-negative; since the context labels are
arbitrary, they can be chosen to assure that 2∆0 ≥ 0. Including this term yields a final test
statistic that is more stringent, by 2∆0, than the bare CHSH inequality ([62], Equation (41)):

maxij| < A11, B11 > + < A12, B21 > + < A21, B12 > + < A21, B22 > −2 < Aij, Bij > | − 2∆0 ≤ 2. (6)

Note that the values of all observables are, as above, restricted to +1 or −1.
In principle, any set of measurements that violates the CHSH inequality, and in which

classical causal effects cannot be ruled out, must also pass the above, more stringent,
statistical test before it can be considered to indicate entanglement. Conversely, no set of
measurements that does not violate the CHSH inequality will indicate entanglement under
this more stringent test. Hence, the CHSH inequality given by Equation (2) can be regarded
as a “first-pass” test for entanglement, after which the more stringent test able to rule out
classical causal artifacts, i.e., Equation (6), can be employed.

To summarize, using violations of the CHSH inequality to detect entanglement re-
quires (1) a source of pairs of states (the “spins”) yielding highly correlated outcomes when
subjected to identical measurements, (2) a source of independently variable pairs of states
(the “settings”) that affect the correlation values in some reproducible way, (3) sufficiently
low noise to detect the difference between classical and quantum correlations, and (4) quan-
tum correlations in excess of any required corrections for classical causal signaling. These
requirements guided our experiment design for the current entanglement search.



Biophysica 2024, 4 172

2.2. Design of the Present Experiment

The present experiment faced two challenges that are likely to characterize any im-
plementation of a CHSH test that employs physiological degrees of freedom. First, it was
not known in advance what observables would exhibit the needed correlations; hence,
suitable observables had to be identified from among those that were experimentally acces-
sible. Second, real-time control of the available observables was not feasible. Observables
that exhibited at least quasi-periodic variations over the course of the experiment would,
therefore, be required for the role of “settings” variables.

On the therapist (“A”) side, a large number of mutually conditionally independent
variables could be accessed by measuring scalp electro-encephalography (EEG), heart-rate
variability (HRV), and distal galvanic skin response (GSR). Choices were much more limited
on the cell (“B”) side due to the requirement that any measurement be minimally physi-
ologically disruptive over the course of the experiment. Three measures accessible with
fluorescence labels were chosen: measures of polymerized tubulin (“tubulin”), polymerized
actin (“actin”), and Ca2+ uptake (“Ca2+”). Equipment limitations prevented simultaneous
measurements of actin and Ca2+; therefore, the B observables were limited to the pairs
(tubulin, actin) and (tubulin, Ca2+).

Preliminary trials of BT on PANC-1 cells showed no significant differences in measured
effects of 15 versus 30 min treatment sessions [55,56]. Given this result, the above limitations
on B side observables, and consideration of the therapist’s tolerance of the EEG headset,
we chose a block design with six 15 min treatment sessions per day over 10 days, for a total
of 60 treatment sessions. Live PANC-1 cells were treated in a total of 40 sessions, with the
(tubulin, actin) and (tubulin, Ca2+) observable pairs measured in 20 sessions each. Dead
PANC-1 cells and cell-culture medium without cells were each treated in 10 sessions each,
as controls to assess whether the results obtained from the A-side measurements were
dependent on the nature of the B-side target. Each day, live PANC-1 cells were presented
for treatment sessions one, two, five, and six, with sessions one and two containing the
tubulin and Ca2+ observable pair, and sessions five and six containing the tubulin and actin
observable pair. Treatment sessions three and four contained the dead PANC-1 cells and
cell-culture medium without cells, respectively, with a semi-random order each successive
day. Replicate plates of live PANC-1 cells were maintained in a separate room and exposed
to a sham therapy procedure during all trials as B-side controls; outcome values otained
from these sham control cells were subtracted from the respective BT treated cell outcomes.
A separate positive control invasion assay was set up on 2 of the 10 treatment days. PANC-1
cells were exposed to 15 min of BT or 15 min sham control on two separate days of the
experiment and assayed 48 h later.

Therapist EEG, HRV, and GSR were measured for two minutes prior to, during, and
two minutes following each 15 min treatment session. Treatment was initiated by a signal
from an experimenter, which also served as a time-synchronization marker on all data
sources. The therapist was instructed to remain sitting still, approximately 1 m from the
cells or control plates being treated, for the first and last five minutes of each session.
The therapist was allowed to move during the middle five minutes of each session to
relieve discomfort; this motion introduced artifacts in the EEG data but prevented fatigue.
These data corresponding to these middle five minutes of each session were removed from
subsequent analyses as necessary to avoid artifacts. The therapist was unable to see the
plates being treated during the treatment sessions, as they were contained at all times either
within an incubator or within an enclosed microscope stage. The therapist was given a
short questionnaire at the end of eash session to report any subjective experiences during
the treatment session. Treatment sessions were separated by sufficient time to collect the
treated plates, position fresh plates for treatment, and make any needed adjustments to the
instruments, with a minimum interval between sessions of five minutes.

This design was preregistered with the Open Science Foundation, study y8sdn (https:
//osf.io/y8sdn/ (accessed on 25 March 2024)).

https://osf.io/y8sdn/
https://osf.io/y8sdn/
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2.3. Cell Biology Methods

Human pancreatic cancer (PANC-1) cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). They were maintained in a humidified atmosphere
with 5% carbon dioxide at 37 ◦C. Cells were routinely cultured in Dulbecco modified Eagle
medium with high glucose (Invitrogen Corp, Grand Island, NY, USA) containing 10% fetal
bovine serum (Hyclone Laboratories Inc, Logan, UT, USA) supplemented with 50 IU/mL
penicillin, 50 µg/mL streptomycin, and 2 mM L-glutamine from GIBCO (Invitrogen).

RFP-Actin PANC-1 cells were developed using RFP-Actin (Puro) Lentiviral particles
expressing a fusion target of RFP-Actin (GenTarget, San Diego, CA, USA). The Lentiviral
particles were transduced to PANC-1 cells in the presence of Polybrene (Sigma, St. Louis,
MO, USA) in 6-well cell-culture plates as per the manufacturer’s protocol. After 72 h,
selection antibiotic Puromycin was added to the wells and the cells were allowed to grow.

Dynamic changes in the microtubule cytoskeleton of PANC-1 cells were monitored by
staining the cells with ViaFluor® Live Cell Microtubule-488 dye (Biotium, Fremont, CA,
USA), a cell-permeant probe for staining the microtubule cytoskeleton in live cells. PANC-1
cells (5 × 103) were seeded to 12-well plates the day prior to the treatment day. Before the
treatment, a 2X solution of ViaFluo-488 was made by diluting 2 µL dye with 1 mL medium
followed by addition of 1 µL of verapamil to obtain a working solution. The cells were
washed with Calcium/Magnesium-free Dulbecco’s PBS, then replaced with ViaFluo-488
working solution and incubated at 37 ◦C for 30 min. The staining solution was replaced
with fresh medium Fluorobrite DMEM for imaging during the treatment. Fluorescence
images of PANC-1 cells were taken every minute during the treatment with CytoSmart Lux
FL (Axion Biosystems, Atlanta, GA, USA) using Fluorescence Green imaging function. The
fluorescence intensity per cell was analyzed by FiJi (ImageJ 2.14.0/1.54f).

Dynamic changes in β-actin protein was monitored in the RFP-Actin PANC-1 cells
during treatment. Stably expressing RFP-Actin PANC-1 cells (5 × 104) were plated in
12-well cell-culture plates and allowed to attach overnight prior to treatment. The red fluo-
rescence images were captured every minute in PANC-1 RFP-Actin cells using the EVOSTM

M7000 Imaging System (Thermo Fisher, Waltham, MA, USA). Fluorescence intensity was
quantified by CellesteTM 6.0 Imaging Analysis Software (Invitrogen).

Fluo-4-AM cell-permeable dye (Invitrogen) was used to measure calcium mobilization
following the manufacturer’s instructions. Cells were also plated in 12-well plates as in the
cell microtubule cytoskeleton staining assay the day prior to treatment. On the treatment
day, cells were washed with PBS and then incubated in Fluorobrite DMEM containing 5 µM
Fluo-4-AM dye, organic anion-transport inhibitors probenecid (2mM), and NucBlueTM Live
ReadyProbesTM Reagent (Invitrogen, Waltham, MA, USA) for 30 min at 37 ◦C followed
by 15 min incubation at room temperature. During the treatment, the green fluorescent
and DAPI images of the cells were captured every minute by the EVOSTM M7000 Imaging
System (Thermo Fisher). Fluorescence intensity was quantified by CellesteTM 6.0 Imaging
Analysis Software (Invitrogen).

Invasiveness of PANC-1 cells was measured using Cytoselect cell Invasion Assay kits
(Cell Biolabs, San Diego, CA, USA) in 24-well plate format. A total of 1.0 × 106 cells in
300 µL medium were plated in basement membrane-coated inserts (6 inserts/group), which
is used to assay the invasive properties of tumor cells. The endpoint was monitored 48 h
after each 15 min treatment, either BT or sham. The fluorescence intensity was measured
with a microplate reader at 480 nm/520 nm (Molecular Devices, San Jose, CA, USA). This
assay was not part of the entanglement study per se, but added as a positive control to
ensure that the experiment affected cell properties as previously found [56].

2.4. EEG Methods

Therapist EEG data were recorded using a BrainVision (Morrisville, NC, USA) ac-
tiCHamp Plus 64 System with a 64-Channel actiCAP Snap cap and two 32-channel slim
electrode bundle kits. We used BrainVision Recorder version 1.25.0101 to record the EEG,
ECG, and GSR physiological measures.



Biophysica 2024, 4 174

Raw EEG data were processed to identify and remove sensor artifacts using the
methods and EEGLAB software (version 2024.0, https://github.com/sccn/eeglab, accessed
28 March 2024) pipeline previously described [73,74]. Briefly, data were high-pass-filtered
0.5 Hz, and the EEGLAB implementation of the Artifact Subspace Reconstruction (ASR)
method was used to identify and remove bad data segments. The EEGLAB implementation
of Independent Component Analysis (ICA) was then used to detect and remove artifacts
due to eye and muscle movements. Fast Fourier Transform with one-second windows was
used for spectral analysis. Spectral power in each of the 4–8 Hz (theta), 8–12 Hz (alpha),
18–22 Hz (beta), and 30–45 Hz (gamma) bands were averaged over successive one-minute
intervals for comparison with the cell-response data. The EEG data for minutes 6 to 10 in
each 15 min treatment session, which contain artifacts due to the therapist being allowed to
move during this period, were ignored in the subsequent analysis.

2.5. HRV and GSR Methods

Therapist GSR data were recorded using the BrainVision GSR Sensor kit; ECG data
were recorded using MindWare (Westerville, OH, USA) leads and disposable electrodes.

Raw electrocardiogram data were processed using the BrainBeats EEGLAB plugin [75].
Raw GSR data were processed using the Convex Optimization Approach to Electrodermal
Activity Processing [76] to derive the mean normal-to-normal sinus-node depolarization
interval (NN_mean), the standard deviation of the NN interval (SDNN), the square root
of the mean squared differences of successive NN intervals (RMSSD), the fraction of
NN intervals greater than 50 ms (pNN50), and the spectral power in the high-frequency
(>0.2 Hz) component (HF-HRV) [77].

2.6. Statistical Methods

Therapist EEG, HRV, and GSR data were divided into four segments: pre-treatment
baseline (“Pre-Baseline”), treatment minutes 1–5 (“Treatment-1”), treatment minutes 11–15
(“Treatment-3”), and post-treatment baseline (“Post-Baseline”). Control sessions using
dead cells and cell-free media were combined, yielding a comparison of live-cell treatments
and control treatments. The following five analyses were run to distinguish these data sets:

1. ANOVA over four periods (1 × 4 design): Pre-Baseline, Post-Baseline, Treatment 1,
and Treatment 3;

2. Paired t-test (1 × 2 design): Treatment 1 and 3 combined versus Pre- and Post-
Baselines combined;

3. Paired t-test (1 × 2 design): Treatment 1 versus Pre- and Post-periods combined
(1 × 2 design);

4. Paired t-test (1 × 2 design): Treatment 1 versus Treatment 2;
5. Two-way ANOVA (2 × 2 design): Treatment 1 and 3 combined versus Pre- and Post-

Baseline combined and cells of type 5 vs. cells of type 4 and 6 combined (cell types 4,
5, and 6 are blinded indices for live cells, cell-free media, and dead cells, in this or a
permuted order).

Because we are taking a mass-univariate approach, we controlled for type 1 errors (also
called family-wise error) using the spatiotemporal cluster correction [78] for parametric
analyses (i.e., one-way ANOVA or paired t-test). Because this correction method could
not be applied with the two-way ANOVA [73], a surrogate method with false discovery
rate (FDR) correction was used in this case. Results of the above statistical analyses will be
presented in a separate manuscript.

Real-time tubulin, actin, and Ca2+ responses of sham-treated control cells were sub-
tracted from the corresponding responses of BT-treated cells to obtain real-time, sham-
control-corrected live-cell measures. Pearson correlation coefficients were computed be-
tween (1) scalp EEG power for each EEG electrode, in each of four frequency bands (4–8 Hz
[theta], 8–12 Hz [alpha], 18–22 Hz [beta], 30–45 Hz [gamma]), versus each real-time, sham-
control corrected live cell measure; (2) connectivity for each pair of EEG electrodes, in each
of the same four frequency bands, versus each real-time, sham-control corrected live cell

https://github.com/sccn/eeglab


Biophysica 2024, 4 175

measure; (3) each of the five derived HRV measures NN_mean, SDNN, RMSSD, pNN50,
and HF-HRV [77] versus each real-time, sham-control-corrected live-cell measure; and
(4) tonic and phasic GSR measures versus each real-time, sham-control-corrected live-cell
measure. Correlation coefficients were corrected for multiple comparisons.

3. Results

As shown in Figure 2, the 48 h post-treatment invasiveness of BT-treated PANC-1 cells
was significantly reduced compared to sham control cells, consistent with expectations
based on prior work [56]. This reduction in invasiveness suggests that one or more cellular
processes undergo significant changes post-treatment. During the 15 min treatment periods,
however, only Ca2+ activity showed a significant difference between BT treatment relative
to the sham control cells, with little difference between BT and sham controls for tubulin
and β-actin (relatively flat lines), as shown in Figure 3. The Ca2+ activitywent up over time
in both groups, but significantly less in the BT group relative to sham. This results suggest
that cytoskeletal changes involved in the 48 h invasiveness response, if any, occur after the
15 min treatment period.

Figure 2. Biofield therapy (BT) markedly inhibited invasiveness of PANC-1 cells. Invasive potential
of PANC-1 cells 48 h after 15 min BT treatment (Treated) or 15 min sham control (Control) for
(A) experimental series one and (B) experimental series two. Data are presented as mean ± SD
(**** p < 0.0001).

The results of this study that can be interpreted in purely classical terms, including
differential EEG responses to live versus dead PANC-1 cells and bidirectional Granger
causality analysis, will be reported elsewhere. Here, we report only a summary of the EEG,
HRV, and GSR classical correlation results as they pertain to the entanglement search. We
were unable in this study to demonstrate a violation of the CHSH inequality, Equation (2),
and hence, unable to demonstrate evidence for entanglement between therapist and cell
degrees of freedom. The primary reason for this was our inability to identify A and B
observables meeting the classical correlation requirements for a meaningful CHSH test.

Let us first consider the choice of “spin” observables, i.e., the observables that are to be
tested for entanglement. In a conventional experiment, these would be perfectly classically
correlated, positively or negatively, when jointly subjected to any fixed measurement, i.e.,
when the values of all other relevant variables (in the conventional case, the settings) are
fixed. We cannot, in the present design, fix the values of the other relevant variables, which
potentially include all other variables that have been measured. Hence, we must examine
correlations between candidate spin observables against some assumed background of
values of all the other observables.
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Figure 3. Real-time responses of tubulin (top), β-actin (middle), and Ca2+ measures to 15 min BT
treatments. Light-gray lines indicate differences between BT-treated PANC-1 cells and sham-treated
PANC-1 controls for 40 (tubulin) or 20 (β-actin and Ca2+) individual BT sessions. Orange (tubulin),
gray (β-actin), and blue (Ca2+) shaded areas indicate 95% confidence intervals around the minute-
to-minute average values (orange, gray, and blue lines, respectively). Results for each assay were
normalized to the average baseline value, obtained in the one minute prior to initiation of treatment,
for that assay and treatment group. Vertical dashed lines indicate the 5 min central period when the
BT therapist was allowed to move to relieve discomfort during the treatments.

The vast majority of pairwise classical (Pearson) correlations, both between A ob-
servables and between A and B observables, have correlation coefficients r ≤ 0.3 and
hence, r2 ≤ 0.1, i.e., can be considered negligible [79]; see https://osf.io/y8sdn/files/
osfstorage/,filenameAppendix_A_all_correlations.xlsx (accessed on 25 March 2024) for the
full Pearson correlation table. It is, therefore, reasonable to assume that background values
of other observables are random when evaluating candidates for spin observables. Against
a random background, spin observables for an entangled state would have |r| = 0.5 and
hence, r2 = 0.25. If we consider now the “settings” observables, the situation is exactly the
same: for any given measurement, the values of the two settings observables in a conven-

https://osf.io/y8sdn/files/osfstorage/, filename Appendix_A_all_correlations.xlsx
https://osf.io/y8sdn/files/osfstorage/, filename Appendix_A_all_correlations.xlsx
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tional design are perfectly correlated, i.e., separated by exactly 90◦. Hence, an informative
experiment requires one “spin” A-B combination with |r| = 0.5 and a second “settings”
A-B combination with |r| ∼ 0.5, with lower correlations in the second A-B combination
rapidly leading to a lower probability of detecting entanglement.

Although the results of the invasiveness test confirm that the treatment was as effective
in changing the states of PANC-1 cells as in previous trials [56], the Pearson correlations
obtained from the current data do not satisfy the informativeness criteria needed for a
CHSH test. Tubulin activity is the only cell measure recorded in all runs, so must be chosen
as a B observable, but shows no correlations with A observables above |r| = 0.14 (r2 = 0.02).
Indeed, as shown in Figure 3 above, tubulin activity did not show any significant change,
on average, between BT treatment and sham control sessions. The best EEG correlations are
with β-actin, but even after correction for the 6–10 min movement artifacts in the EEG data,
these have |r| < 0.4 (r2 < 0.16). While Ca2+ activity shows the strongest average response
during the 15 min treatments, it has only weak real-time correlation with therapist EEG.
The HRV and GSR results do not show any better correlations with the cell response data
than do the EEG results. Although these correlation levels are insufficient for the CHSH
test, they are in some cases statistically significant even after FDR correction, revealing
classical correlations between EEG and cell outcomes. A Granger causality analysis of these
data will be reported elsewhere.

4. Discussion

Indirect evidence for entanglement effects in human brains [34,50,51] and in individ-
ual human cells [29] have been reported by other groups. To our knowledge, no other
experiments to date have detected entanglement between human brains and spatially
distant human cells. The results presented here fail to resolve the question of whether such
entanglement is possible.

A straightforward, but logically flawed, interpretation of our results is to claim that
environmental decoherence renders the states of both therapist and cells—and indeed, all
of their internal processes above the molecular scale—effectively classical and hence, able
to interact only via classical, causal processes. Environmental decoherence models [80,81],
even in their more sophisticated “quantum Darwinist” form [82,83], all assume a Hilbert-
space decomposition that distinguishes the “system” of interest from its surrounding
“environment.” In any entanglement study, the boundary and hence, the state space of
the “system”, is precisely what is in question. Applying a decoherence model to the
therapist and the cells separately, as is required to represent them as distinct, effectively
classical systems, simply begs the question against the possibility of entanglement [84–88].
Decoherence models that rely on spatial separation also clearly beg the question against
quantum-gravity models such as ER = EPR.

In critiquing our design, we assume that therapist–cell entanglement is possible, even
though it may be undetectable in practice. We can ask, therefore, whether improvements to
the design or methods could yield the correlated observables required for a meaningful
CHSH test. As noted, a feature of our data that may prevent a meaningful CHSH test is
lack of time synchrony between the relatively high (ms) time resolution EEG measures
and the relative low (1 min) time resolution cellular-response measures. Such lack of time
synchrony between signals can manifest as phase noise. Conventional CHSH tests rely on
phase locking between both the “spin” and “settings” observables at high time resolution to
be informative. Hence, an inability to align the outcome results precisely in time prevents
an informative test.

Time synchrony between therapist and cell observables may be improved by increasing
the time resolution of the cell measurements. Ion channels function in the tens of ms range,
so could exhibit synchronous behavior in the tens of Hz range. Plating cells on high-
resolution micro-electrode arrays may allow access to bioelectric signals from individual
cells that can be correlated with therapist brain signals accessible with EEG or MEG.
Advances in brain–computer interface (BCI) technology could enhance the measurement
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of therapist neural activity in the future; in the nearer term, use of MEG instead of or as a
supplement to EEG may yield better results. Greater sensory isolation of the therapist may
also yield improvements, though perhaps at the cost of lower therapist tolerance for the
experimental protocol.

The statistically significant yet low-level correlations observed here are in themselves
a novel and positive result for this experimental setting. In some domains of investiga-
tion, e.g., in genome-wide association studies [89], large numbers of low, but statistically
significant, correlations can be given a mechanistic interpretation in the context of an
independently well-confirmed mechanistic model. This is not the case in the present BT
domain, where no such model yet exists.

Alternatives to CHSH tests that could be suggestive of entanglement include compar-
isons of cellular effects of BT with proximal or distal (e.g., separated by hundreds of km)
therapists, or searches for effects on therapist observables of unexpected manipulations of
the cells being treated. Any observed effect in such cases could, clearly, be due to classical
signaling effects, but strong results in either test would strongly constrain the kinds of
classical signaling that would be required to explain the results.

5. Conclusions

The present results do not resolve the question of the nature of the therapist–subject
interaction during BT; indeed, they leave the question of mechanism in such settings entirely
open. By working in a carefully controlled in vitro setting, we have, however, developed a
methodology that can be applied using different sets of observables to establish meaningful
empirical constraints on this mechanism.

We have not, moreover, succeeded in demonstrating entanglement between spatially
separated living systems. We hope that our work will encourage others to employ high-
resolution biophysical methods to probe for entanglement effects in other model systems.
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