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Abstract: Temperature can be used as clinical marker for tissue
metabolism and the detection of inflammations or tumors. The
use of magnetic resonance imaging (MRI) for monitoring
physiological parameters like the temperature noninvasively is
steadily increasing. In this study, we present a proof-of-
principle study of MRI contrast agents (CA) for absolute and
concentration independent temperature imaging. These CAs
are based on azoimidazole substituted NiII porphyrins, which
can undergo Light-Driven Coordination-Induced Spin State
Switching (LD-CISSS) in solution. Monitoring the fast first
order kinetic of back isomerisation (cis to trans) with standard
clinical MR imaging sequences allows the determination of
half-lives, that can be directly translated into absolute temper-
atures. Different temperature responsive CAs were successfully
tested as prototypes in methanol-based gels and created
temperature maps of gradient phantoms with high spatial
resolution (0.13 X 0.13 X 1.1 mm) and low temperature errors
(< 0.22 88C). The method is sufficiently fast to record the
temperature flow from a heat source as a film.

Introduction

2D temperature imaging (thermography) is routinely used
in a number of technical areas, for example, to detect heat
leaks in the insulation of buildings, cracks in pipelines, to
examine electrical installations, to determine surface temper-
atures of land areas and oceans by satellite remote sensing in
weather, astronomy, autonomous driving and military appli-
cations.[1, 2] Medical applications include neuro-musculoskele-
tal indications, breast cancer detection and fever screening.[3]

Medical thermography suffers from the fact that only surface
temperatures can be measured. Thermographic images are
recorded with thermographic cameras with electronic image
sensors that are sensitive to wavelengths from 1000 nm to
about 14000 nm (instead of visible light 440–700 nm). Hence,
only infrared radiation emitted from the surface is recorded.[3]

The majority of medical applications, however, requires
a non-invasive, high resolution 3D thermography with high
spatial and temperature resolution. An obvious and straight-
forward approach towards this end is to combine a non-
invasive 3D medical image modality such as magnetic
resonance imaging (MRI) and a temperature sensitive con-
trast agent (CA). Such “smart” contrast agents were devel-
oped to report on metabolic processes[4–7] for example, on
physiological parameters such as temperature,[8–24] pH,[25–34]

concentration of enzymes,[35–41] specific molecules[42,43] or
cells,[44–47] carbohydrates[48,49] or ions.[50–65] The development
of new metabolism responsive CAs is a very topical and
intensely studied research field, because various illnesses
could be selectively marked and thus visualized and located in
MRI. For example, besides being a marker for tissue
inflammation or metabolic disorders, the absolute temper-
ature can be used as a grading method for tumors in type and
severity.[66, 67] Controlling the temperature in medical treat-
ments is also of great interest. It plays a role in the medical
field of hyperthermia, during radio frequency or high
intensity focused ultrasound studies, where temperature rise
and dose calculation is needed.[10, 68–70]

Addressing the absolute temperature non-invasively with
medical imaging techniques is one of the current challenges.
At present limited imaging techniques exist. These use either
time-consuming, low-resolution (multi-voxel) NMR spectros-
copy, contrast agents,[8–11, 13–17, 20,21] nano particles,[12,18, 22–24]

for NMR and MRI, multi-nuclear methods,[71] techniques,
which require specialized MR sequence programming and
analysis[19,72] or a combination of both CA and sequence
programming.[73, 74] Standard MR temperature imaging meth-
ods such as T1-relaxation time,[75] diffusion[68] or proton
resonance frequency shift (PRF)[76, 77] are rarely used due to
low temperature sensitivity and the requirement of reference
images.

One major problem using functional CA in vivo is the fact,
that the MR signal does not only depend on the parameter
(e.g. temperature), which is to be measured. It is also
a function of the CA concentration, which is not known in
vivo as it varies considerably with tissue type, blood supply
and accessibility. Since the MRI signal strength is the sum of
several unknown parameters (concentration, relaxation time,
temperature response, etc.), it is impossible to partial out the
contribution of the temperature response, without further,
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independent information on the other parameters. One
solution exploits CAs that have two independent properties.
The first property is used to determine the concentration
while the second parameter is the sum of the concentration
and the response depending on the parameter, which has to
be measured. The dual modality approach serves to correct
for the dose dependence of the second measurement. There
are combinations of MRI and 19F-NMR (19F-labeled Gd CA)
or MRI with positron emission tomography (PET, 18F-labeled
Gd CA).[78,79] These methods are technically very demanding
and in case of PET, ionizing radiation is used, which prevents
the method being used for routine early detection.

Our strategy is completely different. We solve the under-
determined system of parameters by transformation into the
time domain. Instead of measuring static relaxation times, we
follow the MR signal strength as a function of time using
dynamic contrast agents. Towards this goal, we designed
photoswitchable CAs (1–3, Figure 1) based on azoimid-
azole[80] functionalized NiII porphyrins, that exhibit the light-
driven, coordination-induced spin state switch (LD-CISSS)
functionality.[81–85] While the square planar trans isomer is
always diamagnetic (S = 0, MRI silent), the square pyramidal
cis isomer is paramagnetic (S = 1, MRI active).[86] In contrast
to our previous systems, which are thermally stable at room
temperature in both states for months or years,[83, 84] the new
compounds are designed in such a way, that the metastable cis
isomer isomerizes back to trans within seconds or minutes.
Once activated with light (trans!cis isomerization) the MRI
active cis isomer returns to the MRI silent trans form in
a thermal reaction (Figure 1).

The thermal back switching (cis!trans) of the azoimid-
azole side arm in 1–3 (Figure 1, right to left) is accompanied
by decoordination of the imidazole, which in turn gives rise to
a transition of the Ni porphyrin from paramagnetic (MRI
active) to diamagnetic (MRI silent), which can be followed by
MRI using simple clinical MR sequences. The reaction
follows a first order kinetic and thus the reaction rate is
concentration independent. Recording the MR signal of the
thermal back switching as a function of time allows the
determination of the reaction rate (k) and the half-life (t1=2

=

ln2k@1). The reaction rates and half-lives are a function of the
temperature, following an Arrhenius relationship, which
allows the determination of the absolute temperature.
Compared to recording a static signal, our approach provides

the advantage of a higher signal-to-noise ratio, a higher
sensitivity, the determination of an absolute temperature
without reference measurements and most importantly, it is
independent from the local CA concentration and the
environment (e.g. pure solvent or gel, SI chpt. IV.1.1).

Results and Discussion

Design and Synthesis

The photoswitchable NiII porphyrins 1–3 can be addressed
with light as the external stimulus, which has beneficial
effects: It is a non-invasive intervention, it can be applied in
vivo and allows a high spatiotemporal resolution during the
MR measurement. For temperature imaging with our CA it is
necessary to use a light responsive switching unit, that has
half-lives similar to the duration of MR measurements
(seconds to minutes). If the half-life is too long, the MR
measurement will become time consuming and expensive. On
the other hand, if it is too short, no detection of the MR signal
will be possible. Therefore we decided to use NH-azoimida-
zoles, because due to a tautomeric mechanism the thermal
back switching (cis to trans) proceeds within the suitable time
range.[87] To achieve magnetic bistability, the molecule was
designed so that for steric reasons only the cis isomer can
coordinate intramolecularly. Different phenyl ring substitu-
ents were introduced in para position to the azo group for
tuning the half-lives. An unsubstituted (R = H, 1), an electron
deficient (R = F, 2) and an electron rich (R = OMe, 3) system
were synthesized by connecting a NiII porphyrin with the
respective azoimidazoles using a method of Heitmann et al.[84]

The preparation of azoimidazoles was derived from a syn-
thesis route for 5-phenylazoimidazoles, which was reported
by Wendler et al.[80] All reaction conditions can be found in
the SI (cf. chpt. I.2). First, trans!cis switching experiments
were carried out with UV-vis spectroscopy to investigate the
switching behavior of compounds 1–3. Because of the low
solubility of our compounds in water, methanol was used as
solvent (Figure 2, cf. SI chpt. II.1). Due to short half-lives,
measurements were performed below room temperature.
While at 273 K the paramagnetic Soret band at 426 nm, which
belongs to the coordinated cis isomer, of compound 1 is small,
the paramagnetic cis configurations of molecules 2 and 3 have
a longer life-time. The amount of paramagnetic cis species
after irradiation with blue light (365 nm) was determined via
19F NMR spectroscopy at @30 88C. Regardless of the substitu-
ent, 60 % of the paramagnetic species could be obtained (cf.
SI chpt. III.3). The relaxation process back to the trans isomer
was always quantitative. The molecules are stable over several
cycles (cf. SI chpt. II.3).

Temperature Calibration

Prior to 3D temperature MR imaging, temperature
calibrations were performed. More than 40 reaction rates of
the mono-exponential decay of the back switching process
were determined at different temperatures (266 to 298 K)

Figure 1. Azoimidazole functionalized NiII porphyrins 1–3 undergo
light-driven coordination-induced spin state switching (LD CISSS)
between a MRI silent 4-coordinate state (left) and a MRI active 5-
coordinate state (right) using blue light (365 nm). The back switching
(cis to trans) occurs thermally.
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independently by NMR and UV-vis spectroscopy and MR
imaging (Figure 3 and 4 left, cf. SI chpt. II.4, III.1 and IV.3).

The obtained values are in good agreement and determine
the order of half-lives to 1 (R = H) < 2 (R = F) < 3 (R =

OMe). These kinetic experiments were repeated with differ-
ent concentrations at selected temperature and demonstrated
the concentration independency of the back switching process
(Figure 4 right). A much larger concentration range (0.25–
5.0 mM for 2 and 3.0–20 mM for 3) was investigated by NMR
and UV-vis spectroscopy. The half-lives are concentration
independent at all concentrations. (cf. SI chpt. II.5, III.2 and
IV.3).

As illustrated in Figure 3 and Figure 4, compounds 1–3
meet the requirements for dynamic contrast agents. They are

switched on (paramagnetic state) with light and thermally
return to their diamagnetic off-state following first order
kinetics (Figure 4). Velocity constants and half-lives, there-
fore, are concentration independent; concomitantly, the half-
lives are temperature sensitive and follow Arrhenius behavior
(Figure 3), which allows concentration independent temper-
ature determination.

MR Temperature Imaging

Due to very short half-lives compound 1 is not suitable for
temperature responsive MRI. Therefore, MRI measurements
were performed with photoswitchable CAs 2 and 3 in a small
animal MR system (7T) using standardized inversion recov-
ery sequences. A cooling jacket around the CA sample slowed
the back isomerisation process and ensured a larger time
window for acquisition. All sample preparations and imaging
techniques are described in SI chapter IV. A number of
individual measurements were performed at each temper-
ature and compared to the data of a calibrated semiconductor
temperature sensor. The standard deviation in MRI experi-
ments amounts to : 0.22 88C. Another important parameter
defining the performance of a static MR contrast agent is the
relaxivity, which reflects its ability to increase the relaxation
rates of the surrounding water protons (for details see SI chpt.
III.4). Unfortunately, the relaxivities of compounds 1–3 are
difficult to determine because of their dynamic behavior.

Therefore, the relaxivity was determined using a structur-
ally very similar compound that does not isomerize in the time
range needed to perform NMR relaxation experiments, but is
expected to cause the same relaxivity as compound 2 (SI chpt.
III.4). Based on these data, the relaxivity R1 of compound 2
(high-spin state) in regard to the H2O protons in 99% MeOH-
d4/ 1 % water was estimated to 0.31 s@1 mM@1. NMR measure-
ments revealed that an inner sphere mechanism is mainly
responsible for the proton relaxation process (SI chpt. III.4).
To show the potential of our temperature responsive CA, we
created temperature maps of different gradient phantoms,
which are described in the upcoming paragraphs. For the sake
of simplicity, the following experiments only refer to CA 2.

Figure 2. Low temperature UV-vis switching experiments of com-
pounds 1–3 at 273 K in methanol. The red line corresponds to the
diamagnetic trans species. After irradiation with UV light (365 nm, blue
line) the paramagnetic cis isomer is formed (band at 426 nm).

Figure 3. Reaction rates of 1–3 in methanol at different temperatures
(top, left) and the corresponding Arrhenius plots based on NMR, UV-
vis and MRI data.

Figure 4. MR signal decay at different temperatures (left, 0.6 mM) and
at different concentrations (right, 1–3 mM) of 2 in methanol after
irradiation with blue light (365 nm) for one minute. For NMR and UV
investigations including a larger concentration range see SI chpt. II.5,
III.2 and IV.3).
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MRI results of compound 3 can be found in the SI (cf. SI chpt.
IV).

Gradient Phantom Imaging

For mapping a simple temperature gradient in the MRI,
a custom-built cooling jacket with two cooling chambers and
an inner cavity for the CA solution with a methanol gelating
agent was used. The gelator was required to suppress
diffusion and convective flow of heat (Figure 5, cf. SI chpt.
IV.1.2 and IV.4). The gelator itself has only a neglible
prolongation effect (< 10%) on relaxation times (cf. SI chpt.
IV.1.1). A temperature gradient of 4 88C to 8 88C was chosen.
After irradiation with UV light (365 nm) an inversion
recovery (IR) sequence was used and a temperature map
with slightly reduced resolution of Res = 131 X 131 mm2 was
calculated to increase SNR. Figure 5d shows the temperature
map of rate constants of the pixelwise fitted mono-exponen-
tial functions. Due to radio frequency (RF) inhomogeneities
of transmit-receive (Rx/Tx) coil and limited light expose area,
parts of the phantom show erroneously calculated temper-
atures (cf. Figure 5e above dashed line). Nevertheless, the
absolute temperature image (Figure 5 d) clearly characterizes
the gradient from both cold (4 88C) and warm (8 88C) compart-
ments of the phantom. With the dynamic CA 2 it is possible to
perform temperature MRI with standard MR IR sequences
during a standard clinical protocol (Figure S48, SI chpt. IV.7).

Local Heat Sources

To test the spatiotemporal resolution of the temperature
imaging method, MR experiments with local heat sources
were performed using database velocity factors from calibra-
tion experiments. As temperature source served polyethy-
leneimine silica beads coated with the NIR dye indocyanine
green (ICG) that were warmed by infrared irradiation.

The ICG beads were placed as one layer inside coaxial
insert NMR tubes containing a 0.6 mM solution of 2 in
methanol (Figure 6). A gelling agent was added to suppress

movement of beads and temperature convection (cf. SI chpt.
IV.1.3 and IV.5).

The whole setup was placed inside a cooling jacket for
performing the MR experiment at 2 88C. The ICG beads were
heated with 740 nm light via an optical fiber (placed inside the
inner tube) after irradiation of CA 2 with 365 nm light for one
minute. To track the temperature development and distribu-
tion in the environment of the IR-absorbing beads continuous
infrared irradiation was applied. Following the MR signal
over time and translating the rate constants of the pixelwise
fitted mono-exponential functions into temperature values
revealed the temperature map (Res = 131 X 131 mm2) shown
in Figure 6 (bottom left). In close vicinity to the beads, the

Figure 5. Sketch (a) of the used temperature gradient phantom with cold and warm side of the coolant creating a temperature gradient over the
center filled with 0.6 mM solution of 2 in a methanol gel. First (b) and last (c) acquired MR images of the complete series showing signal
decrease over time. Calculated temperature map (d) and fused temperature/MR image (e): Area above the dashed line depicts inhomogeneous
area of RF Tx/Rx-coil and light exposure device with erroneous temperature calculation.

Figure 6. Upper row: First (left) and last (right) acquired MR images
of the complete series showing signal decrease over time. In the MR
image beads appear bright due to shorter T1 relaxation time. Bottom
row: Calculated temperature map (left) and fused temperature/MR
image (right).
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mono-exponential decay of the MR signal was faster. The
heating of the phantom from the temperature source can be
clearly identified. The maximum expansion of the temper-
ature gradient (2–8 88C) amounts to 4 mm on the irradiated
side and 3 mm on the non-irradiated side. To show the
temperature development and distribution around the bead
layer and highlight the temporal resolution of the method
a movie was created (SI). Additionally, an experiment with
two beads was performed to demonstrate the high spatial
resolution of the method (cf. SI chpt. IV.1.3 and IV.5).

MR Safety Experiment: Temperature Mapping with a Stent

Even though NiII porphyrins 1–3 are not soluble in water,
they can be applied for in vitro experiments of medical
importance. In MR safety the temperature rise around
electrical conducting implants is of great significance. In
a worst case scenario, a strong increase in temperature due to
radio frequency (RF) heating can cause local degradation of
healthy tissue. In standardized measurements, four fiber optic
temperature probes are placed near the implant and the
temperature increase is recorded.[88] However, it is possible
that the locations of the largest temperature increase may be
overlooked. We therefore used 2 to mimic an MR safety
experiment for RF heating. A shortened non-magnetic
Nitinol

U

stent was inserted into an NMR tube and two
measurements were performed. In the first experiment, the
NMR tube was filled with a 2 mM solution of photoswitchable
contrast agent 2 in a methanol gel (Figure 7, cf. SI chpt.
IV.1.4). The stent NMR tube was placed in the cooling jacket
and cooled to 4.5 88C. An inversion recovery sequence with
potential high-energy deposition (small animal MR system
does not check for specific absorption rate, SAR) with short
TR (3 s) was chosen. The resolution of the temperature map
amounts to Res = 166 X 173 mm2. Additionally, temperature
mapping was performed using a sliding window reconstruc-
tion to observe the gel heating. The heating profile of the

complete reconstructed temperature map is shown in Fig-
ure 7d. To confirm the temperature increase, the experiment
was repeated with a fiber optical temperature probe, which
was placed in different prominent temperature regions
(marked as X in Figure 7e). The temperature map (Fig-
ure 7d) clearly indicates elevated temperatures inside the
stent, which arise from radio frequency heating. These
experiments could be expanded to prostheses or other
medical implants to make MRI safer for patients.

Conclusion

We present the first in vitro method to measure absolute
temperatures and to record 3D temperature maps by MRI
with dynamic, temperature-responsive contrast agents using
standard MRI pulse sequences.

To achieve this goal, we designed dynamic contrast agents
(1–3) that are switched on by light and return to their inactive
state following first order kinetics. Instead of recording static
MR signals as in conventional MRI protocols, we follow the
signal strength as a function of time and determine the rate
constants and half-lives. As expected for first order processes,
MRI, NMR and UV-vis measurements proved that the kinetic
parameters are independent of the concentration of the
contrast agent within a wide concentration range. The
reaction rates and half-lives, however, are temperature
dependent following an Arrhenius relationship, which allows
the determination of the absolute temperature. The presented
method avoids several disadvantages of previous methods.
Absolute temperatures are determined independently of the
local (usually unknown) concentration of the contrast agent.
Furthermore, the local environment, which determines the
signal strength in conventional, anatomical MRI, has no
impact on the time dependence of the signal and the new
method is robust with respect to susceptibility artifacts and
inhomogeneities of the magnetic field. Temperature maps of
gradient phantoms and with local heat sources were recorded

Figure 7. Stent phantom filled with a 2 mM solution of 2 in methanol with a gelator (a). First (b) and last (c) acquired MR images of the
complete series showing signal decrease over time. Calculated temperature map (d) and fused temperature/MR-image (e): Area above the upper
and below the lower dotted lines depict inhomogeneous areas of RF Tx/Rx-coil and light exposure device with erroneous temperature calculations.
Crosses mark fiber optical temperature probe positions.
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with excellent spatial resolutions (130 X 130 mm) and low
temperature errors (< 0.22 88C). The MRI procedure is
sufficiently fast to provide temporal resolution and follow
the temperature flow from a heat source (see movie in SI). In
a clinical setting the developed CAs would be beneficial to
existing methods. The contrast agent could be used with
simple clinical MR sequences and could be incorporated
easily in a standard protocol. Since temperature data points
could be measured at any time during a clinical examination,
it would not be necessary to run a continuous temperature
sequence (Figure S48, SI chpt. IV.7). Future developments
include the introduction of polar substituents to increase the
water solubility of the CAs and to decrease the reaction rates
to cover higher temperature ranges.

Our approach provides a new and general strategy to
solve the notorious problem of solving the underdetermined
system of parameters in functional MRI. Transformation of
data recording and analysis into the time domain using
dynamic contrast agents is potentially applicable to a number
of other metabolic parameters such as pH and biochemical
markers.
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