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Imaging and sensing of pH and chemical state with
nuclear-spin-correlated cascade gamma rays via
radioactive tracer
Kenji Shimazoe 1✉, Mizuki Uenomachi2✉ & Hiroyuki Takahashi3

Single-photon-emission computed tomography (SPECT) and positron-emission tomography

(PET) are highly sensitive molecular detection and imaging techniques that generally mea-

sure accumulation of radio-labeled molecules by detecting gamma rays. Quantum sensing of

local molecular environment via spin, such as nitrogen vacancy (NV) centers, has also been

reported. Here, we describe quantum sensing and imaging using nuclear-spin time-space

correlated cascade gamma-rays via a radioactive tracer. Indium-111 (111In) is widely used in

SPECT to detect accumulation using a single gamma-ray photon. The time-space distribution

of two successive cascade gamma-rays emitted from an 111In atom carries significant infor-

mation on the chemical and physical state surrounding molecules with double photon

coincidence detection. We propose and demonstrate quantum sensing capability of local

micro-environment (pH and chelating molecule) in solution along with radioactive tracer

accumulation imaging, by using multiple gamma-rays time-and-energy detection. Local

molecular environment is extracted through electric quadrupole hyperfine interaction in the

intermediate nuclear spin state by the explicit distribution of sub-MeV gamma rays. This

work demonstrates a proof of concept, and further work is necessary to increase the sen-

sitivity of the technique for in vivo imaging and to study the effect of scattered radiation for

possible application in nuclear medicine.
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S ince the advent of nuclear-medicine imaging in the 1950s,
single-photon-emission computed tomography (SPECT)1–4

and positron-emission tomography (PET)5–7 have become
widely used clinical diagnosis and molecular imaging methods. In
SPECT imaging, physical collimators with high-density materials
are used to determine the direction of gamma rays emitted from
single-photon emission nuclides. SPECT typically utilizes rela-
tively low-energy single gamma rays (50–300 keV), and the
locations of radio-labeled molecules are determined by the
detection of these gamma rays. The accumulation level of radio-
labeled molecules is evaluated and utilized for the diagnosis of
several diseases, such as cancer, dementia, or Parkinson’s, and
evaluation of therapeutic nuclides. For example, diagnostic 111In-
ibritumomab tracers combined with therapeutic 90Y (Zevalin) are
used for tumor detection and therapy. Radioactive nuclides, such
as 111In, 99mTc, 131I, and 177Lu, are used for diagnostic and/or
therapeutic purposes3,8–12. Nuclear medical imaging is generally
characterized by its extremely high sensitivity (10−12 mol =
pmol) towards sub-MeV gamma-rays compared with other
molecular imaging modalities. On the other hand, there are
recent reports of quantum sensing extracting the local molecular
environment information, such as of nitrogen-vacancy (NV)
centers13–15, which can obtain the information, such as electric
field, magnetic field, and pH, via controlled spin states with high
accuracy. However, NV centers are mostly applied to the phe-
nomena at the cell level because of the utilization of visible
photons in imaging. For medical diagnosis in humans, a quantum
sensor with high-penetrating-power photons will be preferable to
extract the information at an individual level. Here, we explore
the use of gamma-ray emitting nuclides as quantum sensors via
the nuclear spin state. SPECT imaging utilizes a single-photon
emitted from gamma decay nuclei, as indicated by its name.
However, among these radioactive SPECT nuclides, there are
several special nuclides emitting more than two gamma-rays in a
cascaded way with a short duration of intermediate states (Sup-
plementary Figures 1a–1c). For example, 111In emits two gamma-
ray photons of 171 keV and 245 keV with 84.5 ns time constant
after electron capture; 177Lu emits 208 keV and 113 keV with
approximately 0.5 ns time constant following beta minus
decay16,17. These cascade gamma-rays have an angular correla-
tion that originates from the nuclear spin state in its decay18. The
angular distribution of gamma-ray emission W θ; tð Þ is generally
described using Legendre poly-nominal Pk, where k is the
even constant determined from the conservation of angular
momentum:

W θ; tð Þ ¼ 1
τN

e�ð t
τN
Þ 1þ A22P2 cosθð Þ þ ::
� � ¼ 1

τN
e�ð t

τN
Þ∑AkkPkðcosθÞ;

ð1Þ
where P2 cosθð Þ ¼ 3 cos2 θ�1

2 and τN is the mean lifetime of the
intermediate nuclear state, which is 1:22 ´ 10�7 s for 111In. If the
direction of the first gamma-ray is chosen as the quantization
axis, the second gamma-ray is said to have anisotropic emission
to the first gamma-ray. A22 and Akk are angular correlation
coefficients. The highest term of this expansion is decided by the
selection rule: kmax = Min (2I, 2l1, 2l2). This gamma-ray emission
polarization and its application to detect external field through
the intermediate states is called perturbated angular correlation
(PAC)19–21, which has been used in chemical analysis and nuclear
physics research. In nuclear physics research, many nuclides are
investigated to determine their characteristics, such as decay
mode. In the 1970s, some studies revealed the correlation of the
external field environment and its emission through electric
quadrupole interaction via nuclear spin with one simple coin-
cidence detector22,23 and suggested possible biological applications;

however, there have been no studies on simultaneous imaging and
quantum sensing of pH and other molecular environments.

In some previous studies, double photon emission computed
tomography (DPECT24,25) imaging has been proposed for loca-
lizing the accumulation with higher signal to background ratio by
taking the intersection of two back-projection lines via two cas-
cade photons. DPECT imaging localizes the radioactive tracer
position with a single coincidence event compared with con-
ventional SPECT, which typically requires the rotation of detec-
tors. However, these methods have only been used to detect the
accumulation of radio-labeled molecules, and local molecular
environment sensing was not investigated.

With multiple-dimension gamma-rays decay detection tech-
niques combined with nuclear spin, we propose local environ-
ment quantum sensing, such as pH or chemical state, and its
simultaneous imaging using cascade decay radioactive nuclide.
We characterized the distribution of gamma-ray time-space dis-
tribution in several different local environments surrounding
molecules by developed ring-shaped detectors and demonstrated
the imaging capability of clinically available 111In SPECT nuclear-
medicine tracer together with pH and chelating molecule sensing.
This simultaneous imaging and quantum sensing will provide
nuclear-medicine diagnosis with local molecular environment
sensing and a platform of quantum sensing in medical diagnosis
with naturally polarized photons via nuclear spin. This work
demonstrates a proof of concept, and further work is necessary to
increase the sensitivity of the technique for in vivo imaging and to
study the effect of scattered radiation for possible application in
nuclear-medicine.

Results
Sensing pH with gamma-ray emission. First, we evaluated the
change of gamma-ray emission distribution caused by different
pH values in 111In solution. 111Indium chloride solution (from
Nihon-Medi Physics) with pH of 1.9 (measured with Horiba
F-72M pH meter) is used as a standard sample. 111In nuclide
emits two cascade photons of 171 keV and 245 keV with a time
constant of 84.5 ns after electron capture (EC) and emission of
22 keV X-ray (Fig. 1a). The initial state after EC has a nuclear
spin of 9/2 (parity π = +), intermediate state nuclear spin of 7/2
(parity π = +), and a final state with nuclear spin of 1/2 (parity
π = +). The first decay mode is magnetic dipole M1 (mixed with
electric quadrupole E2), and the second decay mode is E2. The
detection of the first gamma photon corresponds to selecting
nuclear spin state decaying with photon emission with m = 1 or
m = –1 and intermediate spin state polarizes, which results in the
anisotropic distribution of second gamma-rays in the quantiza-
tion axis of the first gamma photon. The electric quadrupole
interaction between nuclear spin in the intermediate state and
local external environment (pH and molecular interaction) will
result in the perturbated distribution of gamma photons (Fig. 1a)
with sub-MeV energy. The arrival time, energy, and position are
detected with a gamma-ray detector array with 512 channels with
8 detectors of 8 ´ 8 arrays surrounding the target radioactive
tracers (Fig. 2a). Within the determined time window (–50 ns to
+200 ns) and energy window (171 keV and 245 keV ±10%), the
angles between the two coincident correlated gamma photons are
calculated and plotted (Fig. 2b, c). The plots are normalized by
the data with the time window (less than minus 50 ns or more
than plus 200 ns) and energy window (171 keV and 245 keV
±10%), which are assumed to be uncorrelated, random photons
with the isotropic distribution. The normalization of correlated
events by the uncorrelated events will work to eliminate the effect
of geometry including the scattering in the target region.
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Figure 1b shows the measurement data of gamma-ray angular
distribution with seven different pH conditions, prepared by
mixing 111InCl3 raw solution with NaOH, HCl, and phosphor
acid solutions (Supplementary Table 1). The graph shows the
clear transition of gamma-ray emission distribution in 111In-
containing solution from pH3 to pH5. No correlation is observed
at pH larger than the transition around 3. In the raw solution
(pH= 1.9), pH 1 and pH 3, the second gamma-ray emission has a
significant increase of approximately 90° and decrease of
approximately 180° in the quantization axis of the first gamma-
ray in cascade decay. These results correspond to the manual
theoretical calculation of polarization described in the Methods
section (Supplementary Fig. 1b, 1c). The difference between cal-
culation and measurement is caused by the effect of random
coincidence events within the fixed time window and extra-
nuclear interaction. The results indicate the feasibility of pH
detection by gamma-ray emission distribution via nuclear spin

interaction with the local chemical environment. The radio-
activity of solutions is approximately 0.8–1.2 MBq, which
approximately corresponds to 0.46 pmol and 0.69 pmol. The
gamma-ray emissions are measured for approximately 30 min,
which is a standard measurement time range in clinical nuclear-
medicine imaging.

Change in gamma-ray emission with a chelating molecule.
Second, we have examined the response to the chelating molecule
(Psyche-DOTA[111In]) trapping 111In atoms, which can be used
to attach the labeled molecule to antibodies24 in biological stu-
dies. The Cupid-Psyche system is a versatile diagnostic and
therapeutic system for advanced cancer based on the strong
noncovalent interaction of streptavidin and biotin. Psyche is a
modified artificial biotin. Psyche-DOTA[111In] is designed for
nuclear-medicine imaging combined with Cupid, which is a low
immunogenic mutated streptavidin for pre-targeting therapy. The

Fig. 1 111In decay scheme and pH sensing using gamma-ray photons and the measured angular correlations. a 111In nuclide decay emits two successive
cascade photons with energy of 171 keV and 245 keV via nuclear spin state after electron capture. The half-life of 111In is approximately 2.8 days and it is
widely used in nuclear medicine. Cascade decay of 111In, which has the initial nuclear spin 7/2 (parity π = +), intermediate 5/2 (parity π = +), and ground
state 1/2 (parity π = +). The intermediate state has a time constant of 84.5 ns. The hyperfine interaction between the intermediate spin state with the
external electric gradient results in the angular change between two successive gamma-rays. The gamma-ray angular correlation can be an indicator of its
local molecular environment. b The measured angular distribution with a single detection setup for different pH values. pH 1, pH 1.9, and pH 3 have
significantly high correlation ratio along the 90° direction and a low correlation along 180°, which is approximately more than 5%. This is caused by nuclear
spin selection with coincidence detection. This indicates the detection of two gamma-ray correlation, which provides the information of the local pH state
surrounding the radiotracers.

Fig. 2 Detector geometry for measuring the angular correlation, measured energy, and timing spectra. a Gamma-ray detector geometry for measuring
the angular correlation in cascade photons. b The measured energy spectrum of 111In shows clear separation of 171 keV and 245 keV gamma-ray photons.
c The measured and calculated coincidence time difference spectrum. The angles are calculated with the coincidence events within the fixed time window.
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Psyche-DOTA structure captures the 111In atom with four fingers
of N atoms. Psyche-DOTA[111In] is prepared by mixing 111InCl3
solution and Psyche-DOTA with a molar concentration of 1:1000
and heating it to 80 °C for 15 min. In the actual measurement
protocol of diagnosis, Psyche-DOTA is used by combining with
alpha-CEA-Cupid for labeling the antibody. Psyche-DOTA[111In]
has a measured pH value of 4.5. The chemical descriptions of
111InCl3 and Psyche-DOTA[111In] are shown in Fig. 3a, b. Fig-
ure 3c compares the results of three different conditions (raw
(pH= 1.9), pH= 7 and Psyche-DOTA[111In]). The results for the
pH of 1.9 and pH of 7 were consistent with the results of the
previous experiment, and Psyche-DOTA showed a significant
increase at 90 degree compared with the results for pH 7, which will
be the most probable condition in the human body. This shows the
feasibility of detecting the chelated and unchelated state of a
radioisotope in solution through the gamma-ray correlation data.
The detection of the chelation state of a radioisotope provides
important information as to whether the radioisotope is captured in
DOTA of the Psyche-Cupid system or not.

Imaging and sensing pH with gamma-ray emission. Third, for
demonstrating the proof-of-concept imaging of accumulation
with pH sensing, double photon imaging is performed with
coincidence detection using four physically collimated gamma-
ray detectors array. The four detectors have 8 × 8 imaging voxels
and are located in the 0, 90, 180, and 270° directions. The time,
energy, and positions of all the gamma-ray photons are recorded.
Timing selection (minus 50 ns to plus 200 ns) and energy selec-
tion (171 keV and 245 keV ±10%) are applied to extract the
correlated gamma ray photons (Fig. 4a). Three different pH
combination patterns (pH 1-pH 1, pH 1–pH 9, pH 3–pH 12) of
two 111InCl3 sources with radioactivity of 2 ~ 3 MBq (1.15 pmol ~
1.73 pmol) are used. The image of radioactive tracer accumulation
was reconstructed with intersection extraction back-projection
(Fig. 4a), which can localize the source position into one single
point with coincidence gamma-ray detection. The parameter
indicating the pH value is extracted by calculating the anisotropic
parameter Ax of 90° and 180°, within the region of interest (ROI)
in the reconstruction voxels. The size of ROI A and ROI B is set to

be 6.4 × 6.4 × 6.4mm in the reconstructed image.

Ax ¼ ∑
t¼200 ns

t¼�50 ns

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w12 90�; tð Þ ´w34 90�; tð Þ þ w23ð90�; tÞ ´w14ð90�; tÞ

w13ð180�; tÞ ´w24ð180�; tÞ ´ 2

s
;

ð2Þ
where wii indicates the measured counts of coincidence events
between detector i and detector i, which is also shown in Fig. 4a.
For reference and correction purposes, the parameter of random
“chance” coincidence events Arandom are calculated with a different
integration time.

Arandom ¼ ∑
t¼�200 ns

t¼�500 ns

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w12 90�; tð Þ ´w34 90�; tð Þ þ w23ð90�; tÞ ´w14ð90�; tÞ

w13ð180�; tÞ´w24ð180�; tÞ ´ 2

s
:

ð3Þ

Figure 5a and b show the successfully reconstructed three-
dimensional image of 111In radiotracer from the side and top
views, and simultaneous pH imaging with different pH
combinations. Two 111InCl3 solutions are clearly visualized and
the pH condition is identified with the developed gamma-ray
imaging system. The significant transition of the pH anisotropic
parameter from pH 1.9–3 to pH 9–12 is also observed (Fig. 4b),
which corresponds to the results shown in Fig. 1b. The
noncorrelation data without photon coincidence detection is also
shown. This proves the feasibility of simultaneous accumulation
and local molecular environment imaging through 111In cascade
nuclides via nuclear spin quadrupole interaction. The naturally
polarized gamma-photons will provide the capability of local
microenvironment quantum sensing with high sensitivity (pmol)
by coincidence detection techniques. Supplementary Figure 3a
presents the results of anisotropy with decreased counts, i.e., 1/3
and 1/10. A correlation is still observed in the 1/3 concentration,
whereas the 1/10 concentration lost the correlation, indicating
that a sensitivity higher by an order of 2–3 is required. The
experiment was conducted both with and without water to
observe the effect of scattering. Supplementary Figure 3b presents
the results of anisotropy of the raw solution (~pH 1.9) in
comparison to the uncorrelated random events. Both showed a

Fig. 3 Gamma-ray correlation distribution of Psyche-DOTA[111In], raw 111InCl3, and pH 7 111InCl3 solution. a Molecular structure of 111InCl3. The raw
111InCl3 solution is provided by Medi-Physics for SPECT application in a solution with pH value of 1.9. Other samples with different pH are produced by
mixing the raw solution with other solutions listed in supplementary table 1. b The chemical structure of Psyche conjugated with DOTA[111In]. 111In
radioactive atom is trapped in the chelating site of Psyche-DOTA by mixing and heating. c Correlation ratio depending on the angle from first gamma-ray
photon to second gamma-ray photons in three different solutions, namely raw 111InCl3, Psyche-DOTA[111In], and pH 7 111InCl3. The error bars show ±
1 standard deviations. Clear difference (approximately 1, 1.04, and 1.06 in pH 7, Psyche-DOTA, and raw InCl3 (pH 1.9) in gamma-ray emission is observed,
which indicates the detection possibility of chemical bond state in nuclear medical imaging.
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similar value in this case, confirming the robustness of the
method.

Discussion
In this study, we quantified the effect of pH and a chelating
molecule on 111In atoms used in commercial SPECT radioactive
tracer. A significant transition from pH 3 to pH 5 was observed
and considered to be caused by electric quadrupole interaction
between the nuclear spin and external local field. Second, the
gamma-ray photon emission from chelated 111In (Psyche-
DOTA26) shows a significant difference from that of pH 7 con-
trolled InCl3 solution. This shows the capability of determining

the chelation state of a radioisotope. Lastly, simultaneous imaging
and pH sensing capability is demonstrated using the physical
collimation method as a proof-of-concept study using a phantom.
The double photon imaging method localizes the accumulation of
InCl3 itself with high sensitivity, and anisotropic parameters of
90°/180° ratio (Ax) show the pH sensing capability within loca-
lized accumulation voxels. Since 111In is an already available
radioactive SPECT tracer in clinical applications, the additional
functionalities of detecting the microenvironment surrounding
the radioisotope could be useful. However, the actual practical
imaging method should be further optimized in terms of sensi-
tivity and spatial resolution by choosing appropriate angular

Fig. 4 Experimental setup of imaging and sensing pH value. a Gamma-ray detectors surround the target radiotracer to cover the 2π direction. All the
gamma-ray events are recorded with time, deposited energy, and their positions in the list-mode data. Angles are calculated from positions of coincidence
events. Experimental setup to validate the simultaneous imaging and pH sensing with radiotracers. Three 111In solutions with different pH conditions in tube
(A, B) of (pH 1.9, pH 1.9), (pH 9, pH 1.9), and (pH 12, pH 3) are used in the experiment. The gamma-ray photons are detected with four detectors equipped
with parallel hole collimators. The images are reconstructed by identifying the intersected point with two coincidence photons. The anisotropic parameter
is extracted by taking the ratio of 90° events and 180° events. b Anisotropic parameters calculated in each ROI A and B are plotted with error bars, where
the error bars show ±2 standard deviations. pH 1.9 and pH 3 groups have significant difference from pH 9 and pH 12 groups. Random indicates the
noncoincidence events mimicking the isotropic emission. This verifies the capability of pH detection along with the imaging capability by the proposed
method.

Fig. 5 Simultaneous imaging and pH sensing of two 111InCl3 solutions with different pH conditions. a Three-dimensional reconstructed image of the
tracer accumulation with side view and top view ((A, B) = (pH 1.9, pH 9) case). The color indicates the intensity of radiotracer accumulation. Two 111InCl3
solutions in microtubes separated by 12.8 mm are successfully reconstructed by double photon imaging. The images are generated by registering the
intersected coordinate of two coincidence back-projection lines (Fig. 4a). The reconstructed accumulation image with double photon method is overlaid on
the optical image. Three combinations of (A, B) = (pH 1.9, pH 1.9), (pH 1.9, pH 9) and (pH 3, pH 12) are tested in the same geometric setup. b The four
panels show the pH imaging results in three different combinations and noncorrelation case. The color indicates the value of the anisotropic parameters
estimating pH value extracted by coincidence detection. The relation of pH and anisotropic parameters are shown in Fig. 4b. All the pH values are
successfully estimated in three cases. Noncorrelation data are calculated from the noncoincidence data of measured gamma-rays.
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resolving methods, such as multi-pinhole collimated imaging27,
Compton imaging28–30, or coded aperture imaging. In particular,
Compton imaging will be useful in the sub-MeV range to increase
sensitivity. The feature of local environment sensing in combi-
nation with accumulation imaging can provide potential benefits
to nuclear-medicine imaging with additional information to PET
and SPECT technologies. In the application of biochemistry and
biology, there are several molecules proposed for use in PAC
measurements21–23. In addition, there are several possible can-
didate elements for radioactive tracers, such as 181Hf, 133Ba, and
48Cr, with different energies and decay time constants that could
provide different time-scale information of the local molecular
environment31,32. The successful proof-of-concept imaging and
detection of the difference between the chelated 111In atom and
the nonchelated one indicates the possibility of detection of
molecular interaction and chemical bond state in the field of
nuclear-medicine diagnosis when this method is used in combi-
nation with the appropriately designed molecules and nuclides.
Especially this method can be considered as a quantum sensing
and medical imaging method, which converts the hyperfine spin
interaction in the energy range of µeV to the explicit gamma-ray
photon with the energy of sub-MeV penetrating the human body
to convey the information. This method can also be applied to
measure other characteristics inside cells, such as viscosity, tem-
perature, electric gradient, which are typically acquired by other
quantum sensors, in the future research. We believe that this
method of imaging and quantum sensing the local micro-
environment in addition to its radio-labeled molecule accumu-
lation will contribute to the nuclear medical imaging field.

Methods
Correlated gamma-ray emission via nuclear spin. In cascade decay nuclides,
such as 111In, 133Ba, 60Co, and 181Hf, there is a known property of angular cor-
relation between two gamma rays in a successive manner33–36. Supplementary
Figure 1a shows the general decay schemes in cascaded gamma-ray nuclides, which
have the initial state ðIi;MiÞ, intermediate state ðI;MÞ, and final state ðIf ;Mf Þ, and
emit two gamma-rays of γ1 : l1;m1 and γ2 : l2;m2, where I is nuclear spin,M is the
nuclear spin magnetic quantum number, l is angular momentum, and m is the
magnetic quantum number of gamma-ray photons. The total gamma-ray emission
is isotropic; however, when the detection of the first gamma ray corresponds to the
selection of quantum axis, the nuclear spin of the intermediate state polarizes and
results in the anisotropic emission of the second gamma ray with respect to the first
gamma ray. Supplementary Figure 1b shows the anisotropic emission of the second
gamma ray to the first gamma ray, where the first gamma ray is assumed to be
emitted and detected along 0°. The integrated emission intensity W θð Þ with no
perturbation is expressed in the following equation:

W θð Þ ¼ ∑
Mf

∑
l2
∑
m2

∑
M

< I;M; l2;m2

�� ��Ii;Mi > j2 � P Mð Þ � Fm2
l2

θð Þ; ð4Þ

where PðMÞ is the probability of the intermediate state expressed by

P Mð Þ ¼ ∑
Mi

∑
l1
∑
m1

< Ii;Mi; l1;m1

�� ��I;M> j2Pi Mi

� �
; ð5Þ

and Fm2
l2

θð Þ is the spherical harmonics function used to describe the emission
direction.

The calculated anisotropic distribution with the Clebsch–Gordan coefficients in
the case of the 111In nucleus is shown in Supplementary Figure 1c using a line. The
results simulated with Monte Carlo code (Geant4 by CERN37) are also plotted in
the same figure with circle dots, with the same detector configuration shown in
Fig. 2a. Both show an anisotropic response of more than 10% at an angle of 90°
between two correlated gamma-ray photons.

If the nucleus is located in some specific external field, due to the interaction of
the nucleus with an extranuclear field (hyperfine interaction), the change in angular
correlation is observed by perturbated angular correlation (PAC). The change is
mainly caused by nuclear quadrupole interaction with an electric field gradient.
This results in changing the probability of the nucleus in the ms state at a specific
time, which was in mt state at time 0. This is described as follows:

<ms Λ tð Þ
�� ��mt> ¼ ∑

n
<njms> ´ e�iEnt=_<njmt>; ð6Þ

where Λ tð Þ is the time evolution operator, En is the eigenvalues, and <n| denotes
the eigenvectors of the Hamiltonian. This will result in the perturbation of angular
correlation of emitted gamma-ray photons.

Sample preparation. 111Indium chloride (111InCl3 Nihon Medi-Physics) is used as
a standard solution. In the pH measurement experiment, pH is adjusted by mixing
111InCl3 with NaOH, HCl, and buffers that contain phosphoric buffer (PB) to
achieve the desired pH value. The pH, radioactivity, and constituents of the used
solutions are listed in Supplementary Table 1. The activity ranges from around 0.6
MBq to 1.2 MBq as verified with s dose calibrator (Capintec CRC-55tR). pH values
are measured using a pH meter (Horiba F-72M pH meter). The solutions are
prepared as small volumes of approximately 100 µL, and the volume itself is
negligible from the angular resolution of the used detection system. The samples
are located in an air-conditioned room at a temperature of approximately 20 °C.
The 111InCl3 solution has a half lifetime of approximately 2.8 days, which is sui-
table for clinical use in diagnosis.

In the Psyche-DOTA experiment, Psyche-DOTA is mixed with 111InCl3 raw
solution at a concentration of 1:1000 and incubated at approximately 80 °C to trap
the 111In atoms in the binding site. The labeling rate of Psyche-DOTA is
approximately 80%.

Detectors. For detecting the time, space, and energy data of emitted gamma-ray
photons from the sample solutions, a high-resolution Ce:Gd3Al2Ga3O12 (HR-
GAGG) scintillator38 was used as a conversion material from gamma rays to
optical photons (wavelength ~ 520 nm). A HR-GAGG scintillator has the char-
acteristics of desirable energy resolution (4% with an avalanche photodiode sen-
sor), high light yield (56,000 photons/MeV), high density (6.63 g/cm3), moderate
timing resolution (150 ns), nondeliquescence, and nonself-irradiation for our
experiment. Scintillators consisting of 8 ´ 8 HR-GAGG arrays of 2.5 ´ 2.5 ´ 4.0
(thickness) mm were used to detect the photo-absorption events of gamma rays
emitted from the 111In nucleus in one module. The pitch size was 3.2 mm, and each
crystal was separated by BaSO4 reflectors of 700-µm thickness. Each GAGG array
was coupled to an 8 ´ 8 array of SiPMs (Hamamatsu MPPC S13361-3050) and was
then wrapped with Teflon tape. SiPMs convert the optical photons to corre-
sponding electric signals, and the charge signals are transmitted to the following
readout circuit that is described in the next section. One detector module has 64
channels of charge outputs.

In the pH and chelating molecule characterization experiment, eight detector
modules are used to surround the measurement target solution for covering the solid
angle to characterize the relation between microenvironment and gamma-ray
emissions. One detector pixel approximately corresponds to 5.6°, because one ring has
64 channels in 360°. The vertical coverage is approximately 45°, and the limitation of
coverage requires detector geometry calibration in the analysis. The diameter of a
gamma-ray detector ring is adjusted to be 69mm, and eight modules are located to
form an octagon (Fig. 2a). Figure 2b and c show the measured energy spectrum and
coincidence time spectrum in a single measurement. The energy spectrum shows a
clear peak of two cascade gamma-ray photons having energies of 171 keV and
245 keV in addition to some X-ray events and Compton scattered events; further,
±10% of these energies are used in the coincidence detection. In the timing spectrum,
the dotted line shows the measured decay time of 84.5 ns originating from the
intermediate state of the nuclear spin. The calculated plot of a Gaussian distribution
convoluted with an exponential decay function is also shown as a reference.

In the imaging experiment, four modules with physical collimations are used to
surround the two 111InCl3 solutions for detecting the double photons emitted from
the radioisotope simultaneously. Physical collimations are made of Pb (Lead) with
15-mm thickness to limit the direction of incoming gamma rays to the pixel
detectors. Each collimator has 8 × 8 parallel holes (2-mm diameter, 3.2-mm pitch)
individually coupled to the pixels in the detectors.

Signal processing and data acquisition. The charge signals from the HR-GAGG
coupled to SiPMs were processed using parallel, dynamic, time-over-threshold
(dToT)39,40 signal processing circuits. The dToT method offers low power con-
sumption and multi-channel parallel signal processing compared with conven-
tional pulse-height measurements with analog-to-digital converters (ADCs)
(Supplementary Figure 2). The dToT signal processing circuit consists of an
amplifier, a dynamic-threshold generator, and a comparator with feedback
dynamic-threshold generator with two monostable multi-vibrators. It provides
digital signals with a proportional pulse width and its rising edge represents the
gamma-ray incident time. The intrinsic time resolution is approximately 50 ns
(full-width-half-maximum; FWHM), which will be enough for integrated angular
correlation measurement, although it could be improved in future experiments. As
shown in Fig. 2c, the coincidence timing spectrum is correctly acquired using all
the channels.

The ToT digital outputs from gamma-ray detectors are transferred to field-
programmable gate array (FPGA, Xilinx Kinetex7 XC7k70T) data-acquisition
(DAQ) systems through KEL coaxial cables. The time stamp, position channel
number, and ToT pulse width corresponding to the energy are recorded in the list
mode in a solid-state drive (SSD) with 2.5 ns / 1 ns accuracy in parallel. In the pH
experiment, the information from all the 512 channels is recorded in the binary
data format. In the imaging experiment, 256 channels are used. Multiple DAQs are
synchronized with external clocks with a frequency of 1 kHz generated by a
function generator. Time stamps are corrected from external clocks during offline
analysis, which is important in the coincidence detection of two correlated gamma-
ray photons.
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Data analysis and parameter extraction. From the recorded binary data, coin-
cidence events with energies of 171 keV and 245 keV ±10% within a fixed time
window of –500 ns to +500 ns are extracted for further analysis. Since each
detector pixel has different gain characteristics, the peak positions are calibrated
from the measured data. The events within the time window of –50 ns to +200 ns
are regarded as true coincidence events with correlated gamma-ray photons. The
events within the time window of –500 ns to –200 ns are regarded as random
coincidence events with uncorrelated gamma-ray photons, which are used for
calibration of the geometry effect in the system. After extraction of coincidence
events, the angles from the first gamma ray (171 keV) and the second gamma ray
(245 keV) are calculated from the dot product of two vectors corresponding to the
cascade gamma rays. For correcting the geometry effect, random coincidence
events (noncorrelation) are used. This is possible when there are enough random
coincidence events, which are assumed to be noncorrelated photons. There is a
significant increase in the counts, which is more than 5% in the peak along 90° and
a decrease in counts along 0° and 180° for pH values less than 4. The chelation of
111In by Psyche-DOTA also shows the same trend in the angular distribution.
These anisotropic emissions of cascade gamma rays are explained by the nuclear
quadrupole interaction of an intermediate state with an external electric gradient
field; however, further accurate investigation and control should be considered for
future work.

Imaging experiment, image reconstruction, and pH sensing. The DPECT
double photon imaging method is used in the image reconstruction41. The double
photon imaging method uses the back-projection method with two coincidence
events of 171 keV and 245 keV in the 111In case (Fig. 4a). One collimated event
corresponds to one back-projection line in the reconstruction voxels, which is the
same in the SPECT image reconstruction. The intersection points of two back-
projection lines are extracted and recorded in the reconstruction voxels, which
drastically reduce the signal to background ratio by eliminating the artifact caused by
the single line. One of the advantages of this method is that there is no need to rotate
the detector modules to acquire all the projection angles. The original detector
position has 8×8×8 image voxels with dimensions of 25.6 × 25.6 × 25.6 mm3. The
image was interpolated into 29 × 29 × 29 image voxels and converted into the
DICOM format to visualize in the DICOM viewer. Four parallel hole collimated
detector modules (1, 2, 3, and 4) are located to cover the angles of 0, 90, 180, and 270°.
From the results of image reconstruction, two 111InCl3 sources are clearly visualized
(Fig. 5a). Two regions of interest (ROI) A and B are defined for extracting the
anisotropic parameters (Ax). Each ROI has a voxel size of 25.6 × 25.6 × 25.6 mm3, and
coincidence events within the ROI were used for the calculation of the parameters. Ax
values are calculated by taking the coincidence counts between several combinations
of detector modules, as shown in the equation. The Ax data showed significantly
lower values of less than 0.9 in pH 9 and pH 12 compared with that of more than 1.05
in pH 1.9 and pH3 as plotted in Fig. 4b, where the error bars show ±2 standard
deviations. The results are consistent with those obtained from nonimaging, including
the random coincidence data, which are located in approximately 1. By combining the
extracted anisotropic parameters with imaging data, the pH quantum sensing and
imaging is successfully demonstrated (Fig. 5b).

Methodological improvement. While we have demonstrated the feasibility of
simultaneous imaging of 111In accumulation and detection of local molecular
environments such as pH and the chemical bond state, there will be scope for
improvement towards practical clinical applications. In the nonimaging experi-
ment, the measurement time is approximately 30 min for detecting a level of pmol;
however, in the imaging experiment, 480 min are required to locate the position
and extract the parameters for the same level. The measured data shows the
transition around pH5 and the typical value of pH in the body is approximately pH
6.5 to 7.5. It would be difficult to use direct pH detection and requires further
investigation. Another possible way is the combination of other techniques, such as
using liposomes, to enable controlled delivery42,43. The limitation in sensitivity
could be caused by the collimation method, while determining the direction of
incoming gamma rays. Double photon detection decreases the efficiency sig-
nificantly as described in the multi-nuclide imaging demonstration44. Although we
used double photon imaging to visualize the accumulation because of the capability
of accumulation determination in one point, the rotating method with the same
configuration could be investigated in the future. The use of active collimators is
also proposed in a study45 for increasing sensitivity. A multi-pinhole collimation
method with higher sensitivity46 or the Compton imaging47,48 technique could be
investigated in a future study to achieve higher sensitivity for sub-MeV gamma
rays. An optimized collimation design in a DPECT system or further system design
consideration will be necessary to increase the sensitivity for practical nuclear
medical imaging (50 – 100 kBq/mL in organs). Recently, a research group also
showed the improvement of detection efficiency in two orders using both pin-hole
collimator and slit collimator in coincidence imaging49. In practical applications,
the consideration of scatter effect is important as shown in the state-of-the-art
SPECT imaging, and further development will be necessary to address this issue,
which includes the scatter correction method. In terms of cascade gamma-ray
nuclides, there are several candidates, such as 181Hf, 177Lu, and 48Cr, which have

appropriate half-lifetimes in clinical use and moderate lifetimes of intermediate
nuclear state for detecting an external field in biological applications. Furthermore,
molecular design enclosing 111In or combination with nuclear dynamic
polarization50 will provide opportunities to monitor the state of trapping combined
with correlated gamma-ray emission detection through the nuclear spin.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
The codes that support the analysis of this study are available from the corresponding
author upon reasonable request.
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