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A B S T R A C T

Introduction: Functional magnetic resonance imaging (fMRI) is one of the most highly regarded techniques in the
neuroimaging field. This technique is based on vascular responses to neuronal activation and is extensively used
in clinical and animal research studies. In preclinical settings, fMRI is usually applied to anesthetized animals.
However, anesthetics cause alterations, e.g. hypothermia, in the physiology of the animals and this has the
potential to disrupt fMRI signals. The current temperature control method involves a technician, as well as
monitoring the acquisition MRI sequences, also controlling the temperature of the animal; this is inefficient.
Methods: In order to avoid hypothermia in anesthetized rodents an Open-Source automatic temperature control
device is presented. It takes signals from an intrarectal temperature sensor, as well as signals from a thermal
bath, which warms up the body of the animal under study, in order to determine the mathematical model of the
thermal response of the animal.
Results: A Proportional-Integral-Derivative (PID) algorithm, which was discretized in an Arduino micro-
controller, was developed to automatically keep stable the body temperature of the animal under study. The PID
algorithm has been shown to be accurate in preserving the body temperature of the animal.
Conclusion: This work presents the TherMouseDuino. It is an Open-Source automatic temperature control system
and reduces temperature fluctuations, thus providing robust conditions in which to perform fMRI experiments.
Furthermore, our device frees up the technician to focus solely on monitoring the MRI sequences.

1. Introduction

Functional magnetic resonance imaging (fMRI) is a non-invasive
imaging technique that allows in vivo and longitudinal investigations of
brain function. The Blood-Oxygen-Level Dependent (BOLD) signal is the
most commonly used fMRI contrast to study brain activity [1,2]. BOLD
depends on a number of factors, including the different magnetic
properties of oxygenated and deoxygenated hemoglobin, cerebral blood
volume (CBV) and flow (CBF) [3–5].

Neuronal activity has an associated level of energy consumption
[6,7]. This energy is produced through chemical processes that require
glucose and oxygen, the latter being transported in blood by the mo-
lecule hemoglobin. An increase in neuronal activity in an area of the
brain immediately produces a higher ratio of oxygen extraction from
the capillary network and therefore an increase in the concentration of
deoxygenated hemoglobin. This initial blood deoxygenation is

overcompensated by a vascular response increasing CBF and CBV
around the activated brain area, a phenomenon known as neurovas-
cular coupling and that represents the origin of the BOLD signal [1,2].
Not surprisingly, the BOLD signal is influenced by a number of phy-
siological parameters not directly related with neuronal signaling and
cognitive processes, but directly coupled to vascular responses, such as
temperature, blood pressure, CO2 and O2 concentration, pH and others.
Nevertheless, a high correspondence between the BOLD signal and
brain activity has been observed in well-controlled experiments [8–13].

Currently, preclinical research is a fundamental step preceding the
translation of scientific findings to clinical application in humans. In
most of these investigations, anesthetized animals are used to study
cerebral function [14–16]. The main reason for the use of anesthetics is
that brain imaging requires immobilization of the subject inside the
magnet, to generate meaningful and high signal-to-noise datasets. Im-
mobilization, however, is a well-known stressor that induces important
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physiological changes that can severely influence the experimental re-
sults [17]. Therefore, animals are usually sedated/anesthetized before
immobilization in the MRI setup [11–15,17,18]. As a side effect,
however, anesthesia has an effect on the animal's physiology.

Mammals, such as laboratory mice, are endothermic animals,
meaning that they are able to produce the heat necessary to regulate
and maintain their body temperature (homeothermic) [19]. Tempera-
ture is therefore maintained within a stable range by physiological
processes [20]. However, external agents, such as anesthetics, alter this
physiological regulation in the animal [21] disrupting thermoregula-
tion [22–27]. The high body surface to weight ratio of the mouse makes
it especially susceptible to hypothermia [28]. During anesthesia, body
temperature decreases and must therefore be kept stable and within the
physiological range in order to provide robust and quantitative fMRI
signals [29–34].

fMRI data cannot be acquired without proper temperature control
because the quantitative value of the measure would be lost. The reason
is that vasodilation, and so the BOLD signal depends on body tem-
perature [3]. Since most animal fMRI experiments are done under an-
esthesia, and since anesthesia affects temperature autoregulation [22],
the animals must always be warmed to maintain a physiologic tem-
perature. Therefore, what our development provides is an open-source,
convenient and inexpensive way of controlling this vital parameter with
high precision, instead of doing it manually.

For the reasons exposed above, a system to monitor and control the
temperature of experimental animals is fundamental for fMRI experi-
ments. Routinely, MRI setups are equipped with manual systems to
control the temperature of the experimental animals (most often mice
and rats) monitoring the temperature with a MRI-compatible rectal
probe and adjusting the temperature of a water bath connected to the
bed of the animal or an air-heating system with a thermostat [35]. In
this paper, an affordable Open-Source temperature control system for
pre-clinical fMRI experimentation is presented. This automatic control
device is designed for interconnecting and coordinating the necessary
devices and actions for regulating temperature of an animal while being
scanned. Employed accessories and components for communication
between the different laboratory equipment and the Arduino micro-
controller are presented. The experimental identification of the system
thermal behavior is also studied and mathematically modeled. It veri-
fies the design of the PID (proportional-integral-derivative) controller
and the application of a control algorithm to regulate the temperature
in anesthetized mice.

2. Materials and methods

2.1. Overview

A temperature control system for anesthetized animals in preclinical
scenarios has been developed. For this purpose, different subsystems
were employed (Fig. 1).

The core of the whole system is based on an Arduino MEGA 2560
(Smart Projects, Turin, Italy & SparkFun Electronics, Boulder, CO USA)
with different “shields” attached. These “shields” are modules or boards
that can be plugged on top of the Arduino PCB (Printed Circuit Board)
for compact assembly. Currently, many platforms allow the users to
develop their own microelectronic devices, with the Arduino (Smart
Projects, Turin, Italy & SparkFun Electronics, Boulder, CO, USA) plat-
form being one of the most renowned [36]. It is an open source hard-
ware and software development platform whose basic principle is to
facilitate a simple use of the hardware and software prototypes offer.
Arduino has generated a large international community of users or
makers (students, artists, programmers and professionals) who share
their projects [37–39].

To warm up the anesthetized animal, a heated bath was employed.
This bath allows control of the temperature of the fluid that warms the
bed where the animal lies. An optical fiber sensor was used to measure

body temperature due to its compatibility with the electromagnetic
fields produced by the MR scanner. To set up the signal of the sensor, a
signal conditioner with a serial communication port was employed.

2.2. Heating system

Thermo Scientific STANDARD Series Thermostats SC150
(ThermoFisher Scientific, Waltham, Massachusetts, USA) were attached
to a Thermo Scientific SAHARA Heated Bath Circulator S5P
(ThermoFisher Scientific, Waltham, MA, USA) water bath, which
pumps water through pipes to warm up the bed of the animal.
Underneath this bed there is a pad, which is in direct contact with the
animal. By modifying the reference temperature, it is possible to vary
the temperature of the animal; however, these variations are neither
linear nor immediate. Between the bath and the pad several thermal
losses occur, due to the length of the tubing connecting them. This
causes the temperature of the pad to not be exactly equal to that of the
bath, but a few degrees below it. The bath consists of a thermal system
that has its own time constant (a small reservoir in charge of storing the
fluid and maintaining its temperature). The distance that the fluid must
travel until it reaches the bed creates a delay between changes in the
control action and the response of the actuator (the bath). In addition,
the thermostat model has a protection system for high temperatures.
This function is useful to prevent the animal from being burnt.
Furthermore, it serves to protect the fluid conducting elements, which
are not designed to conduct a fluid at very high temperatures. It also
has a low-level liquid protection system, which stops pumping water
when the liquid is below a threshold.

2.3. Acquisition device

To obtain the body temperature of the animal an OTP-M Fiber Optic
[40] high accuracy optical temperature sensor (Opsens Inc., Quebec,
QC, Canada) is used together with the signal conditioner OpSens Mul-
tiSens signal conditioner (Opsens Inc., Quebec, QC, Canada). It consists
of a sensor designed for medical applications approved by the FDA that
offers high precision and resolution in temperatures measurement. The
temperature sensor uses a glass specifically designed for this type of
applications. The fiber optic transducer contains a temperature-sensi-
tive optical device. In this case, since it is not a distributed temperature
sensor, the temperature-sensitive zone is located at the tip of the sensor.
The other end of the sensor is connected to the signal conditioner. This
device is responsible for generating the light that passes through the
optical fiber and, at the same time, for processing the received modified
light signal, in order to convert these physical changes into units of
measured temperature. The OTP-M measures changes in the bi-
refringence of the crystal used by the sensor. For this reason, there are
no moving parts that could cause progressive deterioration of the
sensor. These types of sensors are characterized by their high precision.
Once the sensor is connected, configured and calibrated in the Multi-
Sens signal conditioner, it is possible to visualize the temperature it
measures. On the backside, it has a RS-232 connector for serial com-
munication. Through this connection, it is possible to communicate
externally with the MultiSens.

2.4. Microcontroller

The Arduino Mega 2560 development board is a printed circuit al-
lowing the use of a microcontroller ATMEGA2560 (Fig. 2A) [41]. Ar-
duino is commonly used in a high variety of research fields due to its
versatility and low cost [38,42–44]. This microcontroller controls 54
digital Input/Output pins, 15 pulse width modulation pins, 16 analog
pins and is able to automate any system. Documentation and software
are open source and available at the Arduino website. The program-
ming software is based on the C/C++ language. Programs can be
adapted to the evolution of the project. The power supply of this
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development board can be done through USB or main supply from 5 V
to 12 V.

2.5. USB host module

For the communication of the Arduino with the thermostat SC150
the available USB port in the thermostat was used, meaning that, an
additional USB port in the Arduino board was required. Using the USB
Host Shield V2.0 for Arduino (Shenzhen KEYES DIY Robot co., Shen
Zhen, China) (Fig. 2B) it is possible to incorporate a standard type A
USB port that allows communication with peripheral devices. This
module incorporates the integrated MAX3421E, which includes the
digital logic and analog circuitry required to implement a USB port
according to the USB design specifications in version 2.0. This opera-
tion is controlled by accessing a series of registers through an SPI in-
terface. In this way, the Arduino MEGA 2560 microprocessor can in-
corporate a USB port using the connections of the SPI interface. This

allows several peripheral devices to be simultaneously connected to the
microcontroller. Like the built-in module for RS-232 serial commu-
nication, the USB module allows direct connectivity with the Arduino,
forming a compact multi-layer device.

2.6. RS-232 communication module

The above mentioned Arduino MEGA 2560 has only one USB port,
used for communication with a personal computer and debugging, and
a TTL UART interface. Nevertheless, to plug the signal acquisition de-
vice, a serial communication interface is needed. For this reason, an
Arduino Shield with a RS-232 interface was attached to the Arduino
Mega 2560. The LinkSprite RS232 Shield V2 (LinkSprite, Longmont,
CO, USA) module for Arduino (Fig. 2C) incorporates a DB9 port to the
board. This module includes the integrated MAX232 and the necessary
components to provide serial communication through the RS-232
standard. In addition, the RS232 Shield V2 design allows itself to be

Fig. 1. Schematic diagram of the connected devices. In the MRI room (upper part), the anesthetized animal is fixed to the MRI-bed, lying of a thermal water-pad
connected to the water heating system (located in the Operator room). The optic-fiber temperature sensor is introduced into the rectum of the animal and connected
to the OpSens Multisens signal conditioner and acquisition system in the Operator room. The TherMouseDuino interconnects the temperature acquisition system with
the water heating device.

Fig. 2. A) Arduino Mega 2560 development board. B) USB Host Shield V2.0 for USB communication with the ThermoScientific STANDARD Series Thermostat SC150.
C) LinkSprite RS232 Shield V2 for RS-232 communication with the opSens Multisens signal conditioner. D) LCD Keypad Shield for the user interface.
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connected directly to Arduino, which improves their connection and
permits a compact assembly.

2.7. LCD user interface

To interact with the microcontroller, the LCD (Liquid Crystal
Display) module Keypad Shield (DFrobot, Shanghai, China) for Arduino
(Fig. 2D) was added. This shield incorporates an LCD and a five-button
keyboard and acts as a user interface with the Arduino. This module
provides a friendly user interface, permitting the user to move within
the menus and to select the desired option. The screen consists of 2 rows
and 16 columns. Furthermore, it also incorporates an additional mi-
crocontroller reset button. In the shield upper left corner, there is a
potentiometer that allows the user to adjust the contrast of the LCD
screen. This module provides the control of the temperature and it
permits to display information (e.g. the selected reference temperature
or the temperature of the animal).

2.8. Model identification

Before designing the regulator, a mathematical approach to the
system was obtained. The process of identifying a system model consists
of finding mathematical equations that approach the behavior of the
real system [45]. The model should be able to reproduce the outputs to
different inputs. However, it should also be as simple as possible to
achieve the objectives of the system quickly and without requiring a
high computational demand. For this reason, it is necessary to reach a
compromise between fidelity and computational cost. The system pro-
cesses comprising the biological regulation mechanisms of the animal
have a high degree of complexity, and they cannot be easily approxi-
mated using mathematical equations [46,47]. For this reason, experi-
mental identification was considered the most appropriate modeling
method [45]. Unitary Step Response was the experimental metho-
dology employed [48] for model identification. By means of this test, it
is possible to determine the dynamic characteristics of the system and
the output gain. The steps that are carried out for this type of identi-
fication are:

1. Move the system to the operating point. The first step was to bring
the temperature of the system near the operating temperature.

2. When the temperature became steady, a positive step was entered as
an input to the system [48]. In this case, the positive step was 2 °C.

3. When the new equilibrium was reached, the previous 2 °C increment
was retracted to return to the initial operating point. As in the
previous steps, it was necessary to wait for the system to regain
equilibrium.

4. Finally, a negative step was introduced at system input with the
same amplitude as the positive one, followed by repetition of steps 2
and 3.

After performing the mentioned steps, a system model was im-
plemented in MATLAB (The Mathworks Inc., Natick, MA, USA). With
the System Identification Toolbox, different models were obtained and,
based on the percentage of adjustment, a model was chosen.

2.9. PID control

A PID controller is a feedback control mechanism widely used in
industrial control systems. This mechanism calculates the deviation or
error between a measured value and a desired value. The PID control
algorithm consists of three different parameters: proportional, integral
and derivative. The proportional value depends on current error. The
integral depends on past errors and the derivative is a prediction of
future errors. The sum of these three actions is used to adjust the pro-
cess by means of a control element such as the position of a control
valve or the amount of power supplied to warm up a heater. For

unknown processes, it has historically been considered that the PID
controller is the most suitable controller. By adjusting these three
variables in the PID control algorithm, the controller can provide a
control action designed for specific process requirements. The con-
troller response can be described in terms of a control response to an
error, the degree to which the controller exceeds the desired setpoint
(overshoot), and the degree of oscillation of the system. Some appli-
cations may only require one or two modes provided by this control
system. PI controllers are particularly common because the derivative
action is very sensitive to noise, and the absence of the integral process
can prevent it from reaching the desired value due to the control action
[49,50].

2.10. Animals and MRI acquisition protocol

Some functional MRI experiments were carried out in order to test
the effectivity of the TherMouseDuino in controlling mouse's tempera-
ture and its impact over the evoked BOLD signal in real conditions.
Experiments were carried out in a horizontal 7 T scanner with a 30 cm
diameter bore (Biospec 70/30v, Bruker Medical, Ettlingen, Germany).
The system has a 675mT/m actively shielded gradient coil (Bruker,
BGA 12-S) of 11.4 cm inner diameter. A 1H rat brain receive-only phase
array coil with integrated combiner and preamplifier, no tune/no
match, in combination with the actively detuned transmit-only re-
sonator (BrukerBioSpin MRI GmbH, Germany) was employed. Data
were acquired and processed with a Hewlett-Packard console running
Paravision 5.1 software (Bruker Medical GmbH, Ettlingen, Germany)
operating on a Linux platform. For the fMRI experiments, mice (n= 3)
were anesthetized with isoflurane (4% induction, 1–2% maintenance).
Anesthetized animals were placed in a custom-made animal holder with
adjustable bite and ear bars, and positioned on the magnet bed. The
animals were constantly supplied with 0.8 L/m O2 with. The heart rate,
SpO2, and breathing rate were monitored throughout the session
(MouseOx, Starr Life Sciences, Oakmont, US). Temperature was con-
trolled using the presented device.

2.11. Surgery for fMRI experiments

Mice were anesthetized with urethane (1.4 g/kg) and fixed in a
stereotaxic frame (Narishigue, Tokyo, Japan). We placed a custom
made carbon fiber MRI-compatible electrode [16,51] in the perforant
pathway (−4.3mm AP, −2.5 LM, +1.4mm DV, 12° angle). Briefly, a
bunch of 7 μm diameter carbon fibres (Goodfellow Cambridge Limited,
Cambridge, UK) were introduced into a pulled double borosilicate ca-
pillary (WPI, ref. TST150–6″) with ≅200m tip diameter and electrical
impedance of 40–65 kΩ. A wire connector was couple to the carbon
fibres using silver conductive epoxy resin (ref: 186-3616, RS compo-
nents, Madrid, Spain) and isolated with rapid epoxy resin (Araldite,
Basel, Switzerland). Pulled capillary tip was bent to form a 90° angle
and then implanted into the perforant pathway. The carbon fiber
electrode was secured to the skull with super-bond C&B dental cement
(Sun Medical Co. LTD, Moriyana, Shiga, Japan). Then the animals were
carried to the fMRI facility and placed in a custom made animal holder
with adjustable bite and ear bars and positioned into the horizontal 7-T
scanner (Biospec 70/30, Bruker Medical, Ettlingen, Germany). Animals
were constantly supplied with 0.8 L/min O2 through a mask. Tem-
perature was set at 37 °C using the developed device.

All experiments were approved by our institution's Animal Care and
Use Committee and comply with the Spanish (law 53/2013) and
European regulations (EU directive 86/609, EU decree 2001-486 and
EU recommendation 2007/526/EC).

2.12. fMRI data extraction

Functional images acquisition was performed in coronal slices using
a GE-EPI protocol applying the following parameters: field of view
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(FOV) 25×25mm, slice thickness, 1 mm; matrix, 96×96; segments,
1; FA 60o; time echo (TE), 15ms; time repetition (TR), 2000ms. T2-
weigthed anatomical images were collected using a rapid acquisition
relaxation enhanced sequence (RARE): FOV, 25×25mm; 12 slices;
slice thickness, 1 mm; matrix, 192× 192; TEeff, 56ms; TR, 2 s; RARE
factor, 8. A 1H mouse brain received-only phased-array coil with in-
tegrated combiner and preamplifier, and no tune/no match, was em-
ployed in combination with the actively detuned transmit-only re-
sonator (Bruker BioSpin MRI GmbH, Germany). Functional MRI data
were analysed offline using our lab own software developed in MatLab,
which included Statistical Parametric Mapping packages (SPM8, www.
fil.ion.ucl.ac.uk/spm) and Analysis of Functional NeuroImages (AFNI,
http://afni.nimh.nih.gov/afni). After linear detrending, temporal
(0.015–0.2 Hz) and spatial filtering (3×3 Gaussians kernel or 1.5
sigma) of voxel time series, a general linear model (GLM) was applied.
Functional maps were generated from voxels that had a higher sig-
nificance than p < 0.01.

3. Results and discussion

3.1. Experimental identification results

Experimental identification of the model parameters was performed
with a mouse in an fMRI experiment. First, the mouse was anesthetized
and placed into the MR scanner. Due to the loss of thermoregulation
induced by anesthesia, body temperature drops quickly below 33 °C
(Fig. 3). Initially, the water bath temperature was set at 45 °C. This
temperature was selected to raise the body temperature of the mouse to
the desired operating temperature (37 ± 0.5 °C). When the tempera-
ture of the animal had stabilized at 36.5 ± 0.3 °C, a positive step of
2 °C was applied, raising the bath temperature to 47 °C. This generated
a variation in the body temperature of the animal, which is taken as
output.

To study the abovementioned output as a response to the input
(positive step), a data preprocessing was performed. It consisted of
normalizing the data and selecting the necessary data window (Fig. 4).
The output curve mimics the curve corresponding to a first-order
system. However, there is a small delay between the input signal and
the system response. This is due to a delay introduced by the dynamics
of the actuators and the own physiology of the animal. When a new
temperature is set in the bath thermostat, the fluid takes some time to
reach that temperature.

Experimental identification must be a compromise between the
complexity of the estimated model and the benefit that this complexity
reports. A mathematical model was calculated from the above men-
tioned data as shown in Fig. 5. This mathematical model has a small
difference in the percentage of fit between a first-order model and
greater order models. Therefore, the first-order model without delay
(TF (fit 91,49%) in Fig. 5) was selected. The estimated model for the
mouse system is shown in Eq. (1).

=

+ ⋅

=

+ ⋅

G s K
τ s s

( )
1

0.6792
1 952.38 (1)

where the static gain of the system K=0.6792 and the time constant
τ=952.38 s (≅16min).

3.2. Control system design results

Once an approximate model of the real system was obtained, the
next step was to translate the specifications that the control system
must meet to mathematical constraints. With reference to dynamic
specifications, one of the requested conditions was establishment time
(te). This condition was adjusted to experiment preparation time, that
is, 30 to 45min used in the placement of the animal, survey images, and
adjustments for the homogeneity of the magnetic field. The regulator
was required to be able to reach the reference temperature within that
time range. Next, it was desired that the temperature in steady state at a
physiological level of 37 ± 0.5 °C. Additionally, an overshoot not ex-
ceeding 37.5 °C was required, in keeping with physiological tempera-
ture. In terms of steady error, this should be zero. However, this con-
dition will be extremely demanding for a thermal system. Due to this
fact, the acceptable error was established at± 0.5 °C. Finally, an os-
cillation in steady state was deemed undesirable. To avoid overheating
or burning the skin of the animal, the control action was limited to
50 °C. High control actions will not represent the real control system
because the abovementioned limit will not allow them. These con-
strains limit the design of the control system. These specifications were
transferred to the MATLAB control systems design tool. Using the
mentioned tool, the root locus of the system with all the constraints was
calculated. This corresponds to a unit gain proportional controller (i.e.
output is directly proportional to input). However, there is one main
drawback, this system does not ensure a null error in the steady state. In
order to solve this, an integral control action was introduced along with
the proportional action to ensure the minimal stationary error. The PI

Fig. 3. Data acquisition for experimental identification of the system. The data shown correspond to an fMRI experiment with a mouse. The dashed line shows a 2 °C
positive step in the bath. The continuous line represents the body temperature of the mouse during the experiment. It is possible to observe that mouse body
temperature starts to be stable at 3500 s (1 h approximately) after the unitary step. The figure shows how the positive step in the heating system affects body
temperature.
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regulator equation in zeros and poles form is shown in Eq. (2).

=
+PI s K s b

s
( ) ( )R

(2)

The tuning of the regulator consists of obtaining values of KR and b
that allow fulfillment of the specifications in closed loop. The PI reg-
ulator consists of a pole at the origin and a zero. The method used for
tuning the regulator is the poles and zeros adjustment [45]. A zero is
added to a tenth of the pole of the system (b=0.000105). This zero was
required to know the Integrative Time (Ti) as is shown in Eq. (3)

=Ti
b
1

(3)

The goal is not to overturn the root locus. This zero adjustment is
called “the empirical criterion”. The last step is tuning the gain in order
for the specifications to be achieved. We decided to select an energetic
PI regulator with a K= 5. This can cause saturation of the control ac-
tion, but it is necessary to accelerate the process as much as possible in
order to meet the establishment time specification. To eliminate the

steady state error, the integral control action was increased. The steady
state error was eliminated with an integer value of Ki=0.01, but a
small overshoot was introduced in the system response.

=Ki K
Ti (4)

Nevertheless, this overshoot was acceptable with the required spe-
cifications, since it did not exceed the temperature of 37.5 °C. The set-
up time is around 2700 s (45min), which is in conformity with the
specifications. Finally, the accepted parameters for the PI controller and
the results obtained are shown in Fig. 6. An overshoot still appears at
the system output, but we deem it to be within the acceptable range.
This corresponds to one of the required specifications. In addition, the
temperature oscillations around the reference were negligible.

The regulator is responsible for maintaining this temperature with
the smallest possible error. This allows reduction of the setup time
necessary for image acquisition and provides automatically a stable
temperature through the course of the fMRI experiment.

An example of fMRI experiment in mice can be seen in Fig. 7A and

Fig. 4. Selected data for the experimental identification of the system. This graph displays the response of body temperature of the animal against a 2 °C increase in
the thermostat temperature. The selected and normalized data window was employed for the experimental identification. The dashed line shows the input tem-
perature positive step applied to the system. The continuous line shows the body temperature of the mouse during the experiment.

Fig. 5. Measured and simulated model output. This image displays the output of the real system against a positive step input (continuous line) and, the simulated
output of the final mathematical model (Transfer Function).
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B. In this study we stimulate the perforant pathway, main input from
the entorhinal cortex to the hippocampus, to investigate the global
consequences of local synaptic plasticity (i.e. [51,52]).

These experiments require long periods of brain imaging to monitor
longitudinally the consequences of short- and long-term plasticity.
During the complete recording time, the physiology of the animal needs
to be exquisitely constant, in order to preserve the quantitative value of
the BOLD signals [11,16,35]. Only a control experiment without in-
duction of synaptic plasticity is shown in Fig. 7C, to illustrate the high
stability of the signal in time.

4. Conclusions

Results obtained by fMRI based on the BOLD contrast are very
sensitive to physiological changes. The use of anesthetics for experi-
mentation with animals causes alterations in their temperature reg-
ulation system. This translates into important variations in the MRI
images obtained. Commonly used systems to maintain body tempera-
ture are manual, requiring continuous inspection by the researcher or
the technician performing the experiment. By using an automatic
control system based on Arduino we have developed an Open-Source
temperature control device for fMRI experimentation in mice. Model
and experimental result demonstrate the viability of the system for
maintaining the temperature of the anesthetized animal within the

Fig. 6. Results obtained using the final regulator. This figure shows the results for the final PI regulator meeting the required specifications. It shows the data output
obtained in an fMRI experiment with an anesthetized mouse. The body temperature of the mouse (continuous line) and the thermostat temperature (dotted line) are
shown.

Fig. 7. BOLD response for 20 Hz electric stimulation in the perforant pathway. A) Scheme of the carbon fiber electrode implanted in the performant pathway. B)
Timing of the fMRI acquisitions in the experiment. C) Representative T2-weighted anatomy images with overlaid functional maps evoked during stimulation of the
perforant pathway (20 Hz, 0.8 mA). Scale indicates 1mm. Colour-bar indicates the goodness of fit for the General Linear Model (GLM) applied, comparing activation
during the 20 Hz stimulation train (ON period, 4 s) vs. baseline (OFF period, 26 s). Numbers above the images represent mm from bregma. P: posterior; A: anterior.
Threshold for GLM significance set on p < 0.01.
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physiological range and meeting user specifications that assure its
practical use. TherMouseDuino can control both, increases and de-
creases in temp. It just needs to be coupled to the specific hardware
(e.g. a cooler system). TherMouseDuino therefore, provides an auto-
matic, safe and precise control of body temperature for anesthetized
mice. It was tested with strain C57 (inbred line) and ICR (outbred line)
with the same satisfactory result in both cases. In addition, all the
schematics, parts and firmware are available at http://dmoratal.webs.
upv.es/research.html.
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