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We evaluate a nuclear magnetic resonance (NMR) method of calorimetry for the measurement of specific
heat (c,) and specific absorption rate (SAR) in liquids. The feasibility of NMR calorimetry is demon-
strated by experimental measurements of water, ethylene glycol and glycerol using any of three different
NMR parameters (chemical shift, spin-spin relaxation rate and equilibrium nuclear magnetization). The
method involves heating the sample using a continuous wave laser beam and measuring the temporal
variation of the spatially averaged NMR parameter by non-invasive means. The temporal variation of the
spatially averaged NMR parameter as a function of thermal power yields the ratio of the heat capacity
to the respective nuclear thermal coefficient, from which the specific heat can be determined for the
substance. The specific absorption rate is obtained by subjecting the liquid to heating by two types of
radiation, radiofrequency (RF) and near-infrared (NIR), and by measuring the change in the nuclear spin
phase shift by a gradient echo imaging sequence. These studies suggest NMR may be a useful tool for
measurements of the thermal properties of liquids.
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1. Introduction

Knowledge of the thermophysical properties of substances is
important in many fields including thermodynamics, materials sci-
ence, food science, engineering, chemistry, biology and medicine.
The study of the interaction of thermal energy with materials, and
quantifying the relationship between the thermal energy and the
temperature, is known as calorimetry. Calorimetry has been used
for the thermal characterization of substances in various fields
including thermophysics and thermochemistry [1,2], polymer sci-
ence [3], food science [4], pharmaceutical science [5] and structural
biology [6].

The specific heat of a substance determines the resulting tem-
perature change in a unit quantity of the substance for a given
amount of heat input or output [7]. Specific heat can be measured
by several different methods [1,2,8] but two main approaches are
commonly used, differential scanning calorimetry (DSC) [9] and
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modulated temperature differential scanning calorimetry (MTDSC)
[10,11]. Over the years, there have been significant improvements
in DSC and its variations leading to high accuracy and a wide range
of applications. However, the basic principle by which a sample
is measured in a pan using a contact temperature and a refer-
ence has remained the same [12-14]. A method for measuring the
specific heat (cp) and specific absorption rate (SAR) of a material
non-invasively and remotely throughout the volume could have
significant advantages over current approaches in some applica-
tions.

Here we demonstrate how NMR may be used to measure the
thermal properties of liquids by measuring the temporal varia-
tion of NMR parameters in the sample after heating by an external
source. The temporal variation of NMR parameters as a function of
thermal power yields the ratio of the heat capacity to the respec-
tive nuclear thermal coefficient from which the specific heat can be
determined experimentally for the substance [15].

The specific absorption rate (SAR) produced by radiofrequency
(RF) heating can in principle be calculated for substances from
knowing the electrical conductivity and the electric field, but in
practice these estimates are difficult. Analytical electromagnetic
solutions [16], electromagnetic modelling [17,18] and thermal
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measurements [19] have each been used to predict or estimate
SAR. SAR in general varies spatially and temporally but SAR is usu-
ally averaged over a specified mass and time during exposure to
devices such as wireless phones [20,21] and diagnostic magnetic
resonance imaging equipment [22-24]. A calorimetric method, as
proposed here, may provide a direct measurement of the SAR in
substances. However, estimation of SAR experimentally requires
the measurement of, or the prior knowledge of, the specific heat of
the substance [15]. Here, we measure SAR by subjecting a sample
to electromagnetic radiation in a transparent cell and measuring
the temporal variation of NMR parameters. The experimental SAR
value is then calculated using the ratio of the specific heat to the
respective nuclear thermal coefficient.

2. Theory
2.1. Specific heat

The method described here involves application of heat to a
sample volume and the measurement of the temporal variation of a
spatially averaged NMR parameter within this volume. The thermal
energy change in this volume will result in a temperature change
within the volume

dQ = (‘;‘%) dr (1)

Over a narrow temperature range (few K), the temperature
dependence of thermal energy in the substance can be taken as
constant, and the integration of this equation over a time interval
from O to t yields

Qm=mmnm(m)+nwcg) 2)

for the amount of heat in the substance as a function of time. Taking
the first order temporal derivative of Eq. (2) as

wm_(m)mm

at  \aT ) ot (3)

we find a relation between the temporal variations of thermal
energy and temperature.

Several NMR parameters are sensitive to temperature, and for
our purposes we have evaluated three of these. Using the linear
relation between the dimensionless nuclear shielding [25-28] and
temperature, and the relation of Eq. (1), and integrating it over a
range of time from O to t and taking the temporal derivative of it
yields

do(t) do '\ OT(t)
at=<w)at @

Substituting Eq. (4) into Eq. (3), the temporal variation of thermal
energy in the substance can be written as

) () (3o do(t) -
at — \ aT aT ot
in terms of the temporal variation of nuclear shielding in the sub-
stance.
Similarly, the spin-spin relaxation rate (R,) can be used to mon-

itor the temporal variation of thermal energy in a substance [29,30].
We define a dimensionless spin-spin relaxation rate as

Ry(t)
R>(0)

where R,(0) corresponds to time 0 and R,(t) varies with tempera-
ture and time as T=T{(t). Using the relation in Eqgs. (1) and (6) and

2(t) = (6)

taking the temporal derivative of it as

8At) _ (arz) aT(t)

ot aT ot )

substituting Eq. (7) into Eq. (3), we get the temporal variation of
thermal energy as

s _ () (82 e ®)
at — \ aT aT ot
interms of the temporal variation of dimensionless spin-spin relax-
ation rate.
The energy change in the substance can also be monitored

through the measurement of equilibrium nuclear magnetization
as

Ny2R2I(I + 1)Bg
3kBT

where N is the number of spins, y is the gyromagnetic ratio, h is
the angular Planck’s constant, I is the spin quantum number, By is
the magnetic field, kg is Boltzmann'’s constant and T is the absolute
temperature [31-34].

We can define a dimensionless equilibrium nuclear magnetiza-
tion in terms of the dimensionless temperature as

M(0,T) = (9)

_ M(0,T) _ T(r)
MO= e T) = o) i
Taking the first order temporal derivative of Eq. (10) as
oM(t) (oM oT(¢)
o (()T) ot (m

and substituting Eq. (11) into Eq. (3), we get
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When acquiring an echo signal in NMR, the nuclear shielding
can be measured by changes in the nuclear spin phase shift. The
spin phase shift for a given nucleus can be formulated as

¢(t)=y-(1-0o(t))Bo - Te (13)

where y and By are as before, Tr is the echo time and o(t) is the
nuclear shielding varying with time and temperature as T=T(t).
Thus, in MR imaging, the temporal variation of nuclear shielding
can be measured as

do(t) _ 1 ap(t)
ot __)/B()TE< ot ) (14)

and its temperature dependence as
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Substituting Eqgs. (14) and (15) into Eq. (5), we get

o _ (10) (1) a0
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in terms of temperature dependence and temporal variation of

nuclear spin phase shift.

The experimental temperature dependent and time dependent
parameters along with their units are given in Table 1.

The parameter Cr is the heat capacity or the thermal mass of the
substance. The parameters o, §21, Mrand ¢, here referred to as the
nuclear thermal coefficients, are specific to each substance and can
be determined experimentally by measuring the thermally induced
changes in these parameters as a function of the temperature [35].
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Table 1
Experimental temperature and time dependent parameters along with their units.

Temperature dependent parameters Time dependent parameters

Parameters Units Parameters Units
Cr = (?T(]l_) JK1 Q= (d%tt)) Js1
or = (‘3—") K1 o= (%0 s
2r=(8) K- 2= (29) 51
My = (%) K-1 M= (29) 51
d)T:(%) rk-! = (ads;) rs!

The parameter 0 is the rate of energy transfer or power, and &, 2,
M and ¢ are the rates of change in respective NMR parameters.

Per Eq.(15)and Table 1, the nuclear thermal coefficients for spin
phase shift and nuclear shielding are related through the following
relation

¢r=—-y-By-Tg-or (17)

and are used in imaging interchangeably.

Applying a constant rate of heating (thermal power) and assum-
ing the heat capacity is a weak function of the temperature over a
narrow temperature range (few K), Egs. (5), (8), (12) and (16) can
be written as

3Q(t)  Crao(t)  Cr dt)  Cr aM(t)  Cr dg(t) (18)
ot ~—or ot ~ Lr ot ~ My ot — ¢r ot

or further as

0=Ss_Crgo_ Gy Gy (19)

oT -QT Mr ¢T

in terms of the temporal variation of the nuclear shielding, dimen-
sionless spin-spin relaxation rate, the dimensionless equilibrium
nuclear magnetization and spin phase shift and the ratio of the heat
capacity to respective nuclear thermal coefficients, respectively.

Aplot of Q vs. &, £2, M or ¢ will yield lines with slopes equal to
CrloT, Cr/ 827, Cr/Mr or Cr/¢r, the ratios of the heat capacities to the
respective nuclear thermal coefficients, respectively.

The specific heat (¢p) represents the dependence of the heat
capacity (Cr) on the mass and can be calculated as

_og () _ 1 (%
Cp_am_m<8T)p_,0V(3T>p (20)

where m, p, and V are the mass, the density and the volume of the
sample under constant pressure (p), respectively.
Using Eq. (18), the thermal power can be formulated as

_ Crde(t)
T ¢r dt

and related to the rate of nuclear spin phase shift change and the
ratio of the heat capacity to the nuclear thermal coefficient. Further,
by expressing the thermal power (P) as a fraction of the incident
laser power (Pp) through P=PyA, and normalizing it for the volume
fraction, we have

Cr R do(t)

= 9rA dt (22)

(21)

where A is the absorptance for the sample at the corresponding
wavelength and R is the ratio of the measurement (imaging) volume
to the heating volume.

A plot of Py vs. ¢ yields a slope equal to CrR/¢7A, proportional
to the ratio of the heat capacity to the nuclear thermal coefficient
(Cr/¢7) through the ratio R/A.

2.2. Specific absorption rate

The specific absorption rate (SAR) can also be measured exper-
imentally through the measurement of specific heat and the rate
of temperature rise in a substance subjected to electromagnetic
radiation. SAR can be expressed as

_ 0 (aaw) _ 9 () W
SAR_Bm( o )~ om\ 9T ) ac
The rate of temperature change is related to the rate of change
in the NMR parameters through the respective nuclear thermal
coefficients as
dr(e) 1 9o(t) _ 1 982(t) _ 1 oM(t) _ 1 dg(t)
dt “or ot ~ £2r ot ~ Mp ot ~ o¢r dt
Using Eqgs. (20), (23) and (24), SAR for any imaging voxel can then
be written as

aCr aT(t)

= Im o (23)

(24)

[SARl, = 5 mﬂ . (25)
L],

in terms of the ratio of the specific heat to the nuclear thermal
coefficient (cp/¢pr), and the temporal variation of spin phase shift )
in a voxel corresponding to location (ij,k) in a Cartesian coordinate
system.

NMR calorimetry can be used for measuring the absorbed ther-
mal power (P) in an experiment and from this the absorptance (A)
can be estimated for a continuous wave (CW) irradiation. We define
the specific incident energy rate (SIR) as the ratio of the irradiating
incident power to the mass. SAR is proportional to SIR through A as
below.

oP dPg
SAR = P =A— om
A plot of P vs. Py or a plot of SAR vs. SIR yields a line with its

slope equal to A.

—A-SIR (26)

3. Experimental methods

As a demonstration of NMR calorimetry, three liquids, water
(H,0), ethylene glycol (C;H4(OH),) and glycerol (C3Hs(OH)3) were
subjected to variable rates of heating by a continuous wave (CW)
laser beam in a 2T magnet. The temporal variations of three
NMR parameters, the nuclear shielding, spin-spin relaxation rate
and the equilibrium nuclear magnetization, were measured by
interleaved spectrometry and relaxometry sequences. The proton
chemical shift was measured using a single B; pulse followed by a
Fourier transform of the free induction decay (FID). The spin-spin
relaxation rate and the equilibrium nuclear magnetization were
measured by a multi-echo Carr-Purcell-Meiboom-Gill (CPMG)
sequence [36,37] using 256 echoes spaced by 0.242-5.0 ms. The
echo data were fit to a single exponential decay constant and the
curve was extrapolated back to t =0 to obtain the equilibrium mag-
netization. SAR was measured in a water sample by subjecting it
to electromagnetic heating by two means, radiofrequency (RF) and
near-infrared (NIR) irradiations, using an NMR transmitter coil and
a diode laser, respectively. An interleaved spoiled Gradient Echo
(GRE) sequence [38] and a single shot rapid acquisition with relax-
ation enhancement (RARE) sequence [39] were used for the SAR
measurements. The GRE sequence was used to measure the nuclear
spin phase shift and the single shot RARE sequence was used to
assess RF power deposition. The GRE was used in a coronal plane
along the temperature gradients to measure average cp and in an
axial plane to measure local SAR.

To induce heating of the samples, a 15 W CW diode laser (wave-
length: 810 nm) was used. The water, ethylene glycol and glycerol
are highly transparent to the laser at the wavelength of 810 nm and
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Table 2
The rates of change of dimensionless parameters and the temperature (calculated from nuclear shielding) as functions of applied power for water, ethylene glycol and
glycerol.
Parameter Substance Q [W]
0.080 0.160 0.240 0.320
H,0 —-0.0253 —0.0588 —-0.0957 —-0.1366
& [x10°s71] C,H4(OH), —-0.0289 —-0.0810 -0.1339 —-0.1931
C3Hs5(OH)3 —-0.0623 —0.1246 -0.1784 —-0.2333
H,0 —-0.0236 —0.0581 —0.0893 —-0.1220
£2 [x10%s71] C,H4(OH), —-0.1003 -0.2134 -0.3110 —-0.4750
C3Hs5(OH)3 -0.3517 -0.6315 —-0.8923 -1.1474
H,0 0.0587 0.2048 0.3020 0.4383
M [x10%s71] CoH4(OH), 0.1255 0.3479 0.5526 0.7349
C3Hs(OH)3 0.0751 0.2388 0.3873 0.5919
H,0 0.1708 0.5961 0.8788 1.2753
T [x10*Ks~1] C,H4(OH), 0.3653 1.0122 1.6080 2.1387
C3Hs5(OH)3 0.2187 0.6948 1.1271 1.7225

therefore a common absorber, in this case an electronic grade sili-
con wafer, was used to absorb the laser light and provide a constant
flux of thermal energy. The absorptance (A) of the silicon wafer was
measured optically. The laser beam was aimed at the matte finished
surface in contact with the liquids. The absorber was removed to
measure the SAR of NIR radiation in water and the laser beam was
directly aimed into the water using an optical fiber.

Samples of water, ethylene glycol and glycerol in cylindrical cells
(ID=11.3 mm, L=50 mm, V=5 ml) with their axes aligned with the
direction of the By field were subjected to heating using the laser
beam with variable incident laser power levels of 0.5, 1.0, 1.5 and
2.0 W corresponding to thermal powers of 80, 160, 240 and 320 mW
through a common absorber (A=0.16) in the calorimeter cells. In
each experiment, the laser power was maintained constant and the
temperature of the sample was allowed to change over the exper-
imental time. The cells were thermally insulated to minimize the
heat loss from the samples to the environment.

The subsequent temporal and spatial variations of changes
in the NMR parameters were monitored using a 2T Bruker
NMR System (Bruker Biospin, USA). The spectroscopic parameters
were, pulse length (t,) 100 ws, bandwidth (BW) 2 kHz, number
of points (N) 8192, spectral resolution (Hz) 0.1 Hz, birdcage res-
onator ID=72mm. The CPMG parameters were; echo time (Tg)
0.242-5.0 ms, number of echoes (n) 256, bandwidth (BW) 1kHz,
repetition time (Tg) 23s. The GRE imaging parameters were;
BW =16 kHz, Te=11ms, Tz =90 ms, matrix size (m) 128 x 128, field
of view (FOV) 64 mm (coronal) and 35 mm (axial), slice thickness
(z) 4mm (coronal) and 3 mm (axial), flip angle (8) 7r/4, and number
of excitations (NEX) 1, number of experiments (Ng) 30. The RARE
sequence parameters were; single shot RARE, rare factor (RF) or
number of pulses (np) 128, m=128 x 128, refocusing pulse length
(tp)2msand 0=m, Tg=15.6 ms, Tg =235, FOV=30mm, BW =35 kHz
and NEX=1. The pulse power (Pp) was estimated as 2.5W using
maximum RF amplifier power of 1000 W and the attenuation of
26 dB. The duty cycles for pulse sequence (Dy =t,/T¢) and pulse
sequence repetition (D, = t,np/Tg) were 0.128 and 0.011, respec-
tively. The average RF powers for pulse sequence (P; =PpD;) and
pulse sequence repetition (P, =P,D;) were 0.32 and 0.0275W,
respectively. The ParaVision software (Bruker BioSpin, USA) and
Matlab software (Mathworks, USA) were used for the analysis of
the experimental data.

4. Results and discussion

The thermally induced temporal variations of spatially averaged
nuclear shielding, dimensionless spin-spin relaxation rate and the
dimensionless equilibrium nuclear magnetization, are given in

Table 3
Nuclear thermal coefficients (o, £2r and Mr) and slopes of lines (Cr/o, Cr/$2r and
Cr/Mr) for water, ethylene glycol and glycerol.

Parameter H,0 C2H4(OH), C3Hs(OH)3
or [x107 K] —-0.10 -0.09 -0.11

£2r [x10'K 1] —0.0950 -0.2170 -0.5010
Mr [x10°K™'] 3.4364 3.4364 3.4364
I [x107]) ~2.1537 —1.4654 ~1.4098
<L [x1073]] —2.4510 —0.6463 -0.3020
Qr

ACTTT [x1072]] 6.4386 3.9276 4.6870

Fig. 1 as functions of incident laser power following the application
of the laser energy at t=0s.

A linear regression of the dimensionless NMR parameters vs.
time in Fig. 1 yields the rates of these parameters as functions of
the thermal power and are given in Table 2. The heating rates (T)
as measured through the nuclear shielding in substances are given
as functions of laser power levels (Q) in the bottom row of Table 2.

Aplotof Q vs. &, £2 and M yields lines with slopes equal to Cr/oT,
Cr/$271 and Cp/Mr, the ratios of the heat capacities to the respective
nuclear thermal coefficients, for H, 0, C;H4(OH), and C3H5(OH)3 as
given in Fig. 2. The slopes of lines in Fig. 2 simply yield the amount
of thermal energy in the units of Joules per unit changes in the
respective dimensionless NMR parameters.

The experimental nuclear thermal coefficients and the slopes
of lines shown in Fig. 2 for water, ethylene glycol and glycerol are
given in Table 3.

The density, volume, mass, specific heat and heat capacity for
water, ethylene glycol and glycerol at room temperature and atmo-
spheric pressure are given in Table 4.

Using the experimental data in Tables 3 and 4 and Eq. (20), the
specific heat can be calculated for the liquids. The specific heat of
water, ethylene glycol and glycerol as measured by three different
NMR parameters are given in Table 5.

Table 4
The experimental and reference parameters for water, ethylene glycol and glycerol
at room temperature and atmospheric pressure.

H;0 CoHy(OH), C3Hs(OH);
0 [x103 kgm3]2 0.998 1113 1.261
V[x105 m3]2 5.0 5.0 5.0
m [x103 kg]? 4.991 5.566 6.305
¢ [x10-3J kg1 K- P 4186 2380 2360
Cr[x1072JK-1]¢ 0.2089 0.1325 0.1488
2 Measured.
b Reference.
¢ Calculated.
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Fig. 1. Experimental variation of dimensionless o (top), £2 (middle) and M (bottom) rows as a function of time and laser power (0.08, 0.16, 0.24 and 0.32 W corresponding
to curves in increasing/decreasing order) for water (left), ethylene glycol (middle) and glycerol (right) columns.

The experimental nuclear spin phase shift vs. time for a water An axial plane (z=3 mm) is used to measure local SAR in 0.3 g of
sample subjected to different levels of Thermal and NIR powers water in the center of a cylindrical cell (ID=11.3 mm, L=50 mm)
are given in Fig. 3. A coronal imaging plane (z=4 mm) along the subjected to 1, 2, 3 and 4W NIR laser power delivered through an
direction of temperature gradient is used to measure average ¢, in optical fiber along the axis (b). Plots of Py vs. ¢ and SAR vs. SIR yield
water subjected to 0.08, 0.16, 0.24 and 0.32 W thermal power (a). slopes (s) of CrR/¢1A and A, respectively (c and d).

alst x107°

§afs7! x 107

0 L I 1 1 1 I I
0 1 2 3 4 5 6 7 8

Mis™t x10°°

Fig. 2. Experimental plot of Q vs. & (top), £2 (middle) and M (bottom) for water (O), ethylene glycol (¢) and glycerol (A). The open legends are experimental data and the
solid red lines are fitted functions to the data. The slopes equal to the ratios of the heat capacities to the nuclear thermal coefficients for each substance. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 5

Experimental specific heat for H,0, C;H4(OH), and C3Hs(OH); as measured by three different NMR parameters at a 2 T magnet.

Specific heat [Jkg~1 K] NMR parameter [dimensionless] Water (H,0) Ethylene glycol (C;H4(OH),) Glycerol (C3Hs(OH)3)
Cp o(t) 4315 2369 2459
(5 2(t) 4672 2516 2401
(o M(t) 4433 2424 2554
(@) (b)

Ag(t), rads

0 200 400 600

t/s
() 25
2t O
E 15 o)
o
1.
05
S 3 Z05
. g—1
ghrs x107°

Ag(t), rads

0 200 400 600
t/s

(d) 80
70

60
50

40

SAR, W - kg—1

30

20

10

2(.10 460 660 860
SIR, W - kg—1

Fig. 3. Experimental nuclear spin phase shift (A¢) measured by a GRE sequence vs. time for a water sample subjected to 0.08, 0.16, 0.24 and 0.32 W thermal powers (a) and
1, 2,3 and 4W NIR laser powers (b) at a 2 T magnet. Plots of Py vs. ¢ (c) and SAR vs. SIR (d) have slopes (s) of CrR/¢7A and A, respectively. The open legends are experimental
data and the solid red lines are fitted functions to the data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)

Substituting the experimental parameters into Eq. (17) and cal-
culating the nuclear thermal coefficient for the spin phase shift
as

¢r=—y-Bo-Tg - or = —0.05885 rK™! (27)

and using the slope (s = —1287.6]r~!) in Fig. 3(c) and the volume
ratio of R=1/1.9 per Eq. (22), the specific heat can be calculated for
water as 4616] kg1 K~ vs. the literature value of 4186] kg1 K1
at 295K (Table 4) and 4315] kg~' K~! as measured by the nuclear
shielding method (Table 5).

The measurement of SAR by thermal methods requires the
knowledge of ¢, in substances. The ability to measure ¢, by NMR
calorimetry provides means for the measurement of local SAR with
a high temporal and spatial resolution. SAR varies spatially and
temporally which requires specification of SAR over space and time.

The experimental spatial and temporal variation of nuclear spin
phase shift (¢), temperature (¢/¢7), and specific absorption rate
(cpdb/¢r) measured by a GRE imaging sequence in 0.3 g of water
sample subjected to NIR laser powers at a 2T magnet are given in
Fig. 4.

Using the slopes of lines (¢») corresponding to thermal power in
Fig. 3(a) and Eq. (22), the specific heat of water can be calculated,

and using Eq. (25), SAR can be estimated for NIR and RF radiation
in water as given in Table 6.

The spatial and temporal variation of SAR (averaged over 5, 10
and 12 min) in 0.3 g of water in a 3 mm axial GRE imaging slice in
the center of a cylindrical cell (ID = 11.3 mm, L=50 mm) as functions
of NIR laser irradiation powers of 1, 2, 3 and 4 W are visualized in
Fig. 5.

Using the ratio of the heat capacity to the nuclear thermal coef-
ficient and the temporal variation of spin phase shift, the thermal
power (P) absorbed from NIR irradiation in water was calculated
as 0.092, 0.189, 0.255 and 0.354 W corresponding to incident laser
power (Pp) of 1, 2, 3 and 4 W, respectively. The experimental SAR
was measured as 18.43,37.85,51.00 and 70.86 W kg~! correspond-
ing to SIR 0f200.36,400.72,601.10and 801.44 W kg1, respectively.
The ratios of these figures correspond to absorptance (A) of 0.0920,
0.0945, 0.0849 and 0.0884, respectively. A linear regression of spa-
tially averaged SAR vs. SIR in the center of the calorimeter cell
yielded a line with a slope of 0.0851 for the absorption of the inci-
dent laser through a 5cm beam path. This is a reasonable figure
for A given the precision of the nuclear spin phase shift. The frac-
tion of power absorbed through a 5cm beam path was calculated
as 0.0934 using the extinction coefficient and the linear absorption
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Fig. 4. Experimental ¢, ¢/¢r and c,¢/¢r (top, middle and bottom rows) averaged over 12 min for a water sample irradiated by a NIR laser beam with power levels of 1,2, 3

and 4 W (left to right columns), respectively.
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Fig. 5. Experimental SAR averaged over 5, 10 and 12 min (bottom to top) in water
irradiated by NIR laser at power levels of 1, 2, 3 and 4 W (left to right). SAR was
measured in a 3 mm axial imaging slice (0.3 g of water) in the center of a cylindrical
cell irradiated along the axis through a fiberoptic.

coefficient (¢ =0.0196 cm~1) for water at a wavelength of 810nm
[40]. The absorption of light through 1cm beam path in water at
the wavelength of 810 nm was measured as 0.042 using a UV-vis
spectrophotometer.

In NMR imaging, SAR is shown to vary in homogeneous sub-
stances with radiofrequency and sample radius with maximum
local SAR and heating taking place at the surface [41]. The power
deposition in NMR is discontinuous and depends on the substance
and pulse parameters such as pulse power, duty cycle, etc. The
average RF power using a single shot RARE sequence with 128
refocusing pulses, a pulse power of 2.5W, a pulse width of 2 ms
and a pulse sequence repetition time of 23 s was estimated to be
0.0275W corresponding to SIR of 5.5 Wkg~! for 5 g water sample.
A measurement of a single slice (3 mm) in the center of the cell
showed a local SAR value of 0.8 Wkg~! (averaged over 12 min and
0.3 g of water). Although, the absorptance can be measured by this
thermal method for a continuous wave radiation, it is much more
complicated for a pulse radiation as in NMR pulse sequences. How-
ever, an average absorptance may be used to estimate the fraction of
average incident RF power absorbed in the water sample (A=0.14)
in this experimental configuration.

A spatial resolution of 0.273-0.5 mm per pixel or 0.224-1 mm?3
per voxel, a temporal resolution of 11.5s in imaging, acquisition
times of 0.06-1.28 s for relaxation rates and equilibrium nuclear
magnetization, and 2.0 s for nuclear shielding were used in spectro-
scopic measurements. These resolutions were adequate given the

Table 6

Experimental SAR measurements averaged over 12 min and 0.3 g of water subjected to three sources of power, RF, NIR and Thermal, at a 2T magnet.
Power source P[W] $ [radss] £ [Ks] G [Wkg!]
RF 0.0275 -1.1434x10-° 1.9430 x 104 0.8005
NIR 0.5 -1.3302 x 104 2.2604 x 103 9.3128
NIR 1.0 —2.5905 x 104 0.4402 x 102 18.4263
NIR 2.0 -5.3211x 104 0.9042 x 102 37.8487
NIR 3.0 —7.1704 x 104 1.2184 x 102 51.0032
NIR 4.0 -9.9624 x 104 1.6929 x 102 70.8627
Thermal 0.08 —~1.4858 x 104 2.5247 x 103 10.5685
Thermal 0.16 —3.0149 x 104 5.1231x 103 21.4453
Thermal 0.24 —4.2891 x 10~* 7.2882x 1073 30.5084
Thermal 0.32 —-5.0035 x 104 8.5022 x 103 35.5901
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relatively low heating rates used in these experiments. However,
much higher spatial and temporal resolution is possible in NMR
imaging and spectroscopy. The spectroscopic and imaging mea-
surements can be used in combination to meet the requirements
for spatial and temporal resolution.

5. Conclusion

The feasibility of measuring the specific heat and specific
absorption rate by NMR calorimetry has been demonstrated with
three NMR parameters in three substances exhibiting distinct ther-
mal and NMR properties. The feasibility of measuring the specific
heat of liquids indicates that the NMR calorimetry may be applied to
a wide range of different substances and materials. NMR calorime-
try can be used to measure the specific absorption rate directly and
non-invasively in substances subjected to electromagnetic irradia-
tion. NMR calorimetry may also be used to measure the specific heat
and specific absorption rate of biological substances and tissues
which are important factors in physiology and medicine.
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