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Both structural and functional evaluations of the endothelium exist in order to diagnose
cardiovascular disease (CVD) in its asymptomatic stages. Vascular reactivity, a functional evaluation of the endothelium in response to factors such as occlusion, cold, and
stress, in addition to plasma markers, is the most widely accepted test and has been found
to be a better predictor of the health of the endothelium than structural assessment tools
such as coronary calcium scores or carotid intima-media thickness. Among the vascular
reactivity assessment techniques available, digital thermal monitoring (DTM) is a noninvasive technique that measures the recovery of fingertip temperature after 2–5 min of
brachial occlusion. On release of occlusion, the finger temperature responds to the
amount of blood flow rate overshoot referred to as reactive hyperemia (RH), which has
been shown to correlate with vascular health. Recent clinical trials have confirmed the
potential importance of DTM as an early stage predictor of CVD. Numerical simulations
of a finger were carried out to establish the relationship between DTM and RH. The
model finger consisted of essential components including bone, tissue, major blood vessels (macrovasculature), skin, and microvasculature. The macrovasculature was represented by a pair of arteries and veins, while the microvasculature was represented by a
porous medium. The time-dependent Navier–Stokes and energy equations were numerically solved to describe the temperature distribution in and around the finger. The blood
flow waveform postocclusion, an input to the numerical model, was modeled as an instantaneous overshoot in flow rate (RH) followed by an exponential decay back to baseline flow rate. Simulation results were similar to clinically measured fingertip temperature profiles in terms of basic shape, temperature variations, and time delays at time
scales associated with both heat conduction and blood perfusion. The DTM parameters
currently in clinical use were evaluated and their sensitivity to RH was established.
Among the parameters presented, temperature rebound (TR) was shown to have the best
correlation with the level of RH with good sensitivity for the range of flow rates studied.
It was shown that both TR and the equilibrium start temperature (representing the baseline flow rate) are necessary to identify the amount of RH and, thus, to establish criteria
for predicting the state of specific patient’s cardiovascular health.
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1

Introduction

According to the World Health Organization, cardiovascular
disease 共CVD兲 is a leading cause of death worldwide, representing
nearly 30% of all deaths 共an estimated 17.5⫻ 106兲 in the year
2005 关1兴. CVD includes diseases of the heart, its blood supply,
and the arteries supplying blood to the brain and peripheral tissues
关2兴. Nearly 25% of all cardiovascular diseases are diseases of the
heart 共coronary heart disease 共CHD兲兲 itself including heart muscle
failure 共cardiomyopathy兲, heart valve disorders, and congenital
and heart rate abnormalities 关3兴. More than 75% of all CVD is
comprised of occlusive disorders of the coronary arteries causing
coronary artery disease 共CAD兲 or the cerebral arteries causing
stroke, broadly classified as atherosclerosis 关3兴. Atherosclerosis,
an inflammatory disease of the intima and surrounding areas of
the internal lamina of medium to large sized arteries, has reached
epidemic proportions in most industrialized societies 关2兴. In a sig1
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nificant proportion of patients, coronary atherosclerosis 共CAD or
CHD兲 first manifests itself in the form of sudden cardiac death 关4兴.
Patients who survived heart attack and stroke, in particular, those
with rheumatic heart disease, generally have prolonged illness and
disability.
Necropsy studies have demonstrated that atherosclerotic
changes often occur at early stages in life, although patients with
CAD become symptomatic only after age 40 years 关5兴. CVD diagnosis in its early stages is important in order to control the
development of the disease with effective therapeutic intervention.
Unless awareness of CVD risk factors, symptoms, treatment options, and screening tools are improved, an estimated 20⫻ 106
people will die from cardiovascular diseases in the year 2015 关1兴.
The detection and assessment of cardiovascular diseases at the
asymptomatic stages in its early development 共primary prevention兲 would provide a powerful tool to address the epidemiological issues and evaluate the effects of various therapeutic interventions before CVD presents itself in the form of a clinical event 关6兴.
As a means of primary prevention of CHD and other forms of
atherosclerotic diseases, traditional risk score assessments such as
the Framingham risk score 共FRS兲 have been employed in order to
identify asymptomatic patients at high risk 关7兴. These risk score
assessments are based on major independent risk factors such as
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cigarette smoking of any amount, diabetes mellitus, advancing
age, elevated levels of blood pressure, serum total cholesterol and
low-density lipoprotein cholesterol, as well as low levels of serum
high-density lipoprotein cholesterol. Framingham risk scores can
quantify an individual’s absolute and relative risk and hence can
be instrumental in “risk factor management” 关8兴. In addition to
using it as a risk assessment tool, FRS can be used for patient
assurance and motivation. In particular, patients with higher risk
scores can be counseled to adopt a heart healthy lifestyle 关8兴.
Although FRS is useful as a risk assessment tool, it is not
without limitations. In a review of clinical data from patients hospitalized for acute myocardial infarction over a 3-year period,
Akosah et al. 关9兴 showed that FRS underestimated risk for CVD in
young adults 共age⬍ 55 years for men and age⬍ 65 years for
women兲. Based on National Cholesterol Education Program III
guidelines for risk assessment, only 18% of female patients with
acute myocardial infarction and no previous history of CHD
qualified for pharmacotherapy based on FRS compared with 41%
of men 关9兴. Because traditional risk score assessments like the
Framingham are based on epidemiological studies, they are not a
direct evaluation of the burden of CVD in asymptomatic individuals. Specifically, a substantial portion of middle aged women classified as low risk by FRS may have subclinical atherosclerosis
关10兴. As was shown by Michos et al. 关11兴, 84% of women with
significant coronary calcium score 共a measure of the amount of
calcium deposits in the coronary arteries which linearly correlates
with atherosclerosis plaque burden兲 ⱖ75th percentile were categorized as low risk by Framingham risk equation.
According to the “response to injury hypothesis,” the development of atherosclerosis is a response to injury of the endothelium.
A close link between endothelial dysfunction and future cardiovascular events has been established by various clinical studies
关12兴. Cardiovascular risk factors such as diabetes, obesity, hypercholesterolemia, hypertension, and cigarette smoking are sources
of arterial injury, which can lead to endothelial dysfunction
关12,13兴. Endothelial dysfunction is the alteration in one of the
endothelium’s physiological roles such as 共1兲 providing a nonthrombogenic and nonadherent surface, 共2兲 a permeability barrier
enabling exchange and active transport of substances into the arterial wall, and 共3兲 maintenance of vascular tone 关13兴. The endogenous endothelial repair capacity may be damaged due to reduction in the number and functionality of circulating bone marrowderived endothelial progenitor cells, which is directly attributable
to CVD risk factors 关12兴. Injury-caused dysfunction of the endothelium precipitates increased deposit of lipoprotein within the
arterial wall, proliferation of the extracellular connective tissue
elements such as collagen and elastin, and adhesion of glycoproteins on the endothelial cell surface 关6,13兴. Conversely, endothelium derived nitric oxide 共NO兲 undermines leukocyte adhesion
and arterial thrombosis through its antithrombotic and antiinflammatory roles 关12兴. A healthy intact endothelium requires
vascular homeostasis, a balance between the vasodilatory factors
such as NO and prostacyclin and the vasoconstrictive factors such
as endothelin, vasoconstricting prostranoids, and angiotensin II.
Reduced bioavailability of vasodilatory factors 共nitric oxide, in
particular兲 accompanied by an increase in the vasoconstricting
factors leads to endothelial dysfunction and loss of vascular reactivity 关12,14兴. Thus, endothelium dependent vasodilation can be
used as a measurable index to assess “endothelial function” 关12兴.
Invasive and noninvasive tests exist to evaluate endothelial
function in the coronary and periphery circulatory system. Invasive tests like coronary angiography have been used for quantification of the extent of CVD in epicardial coronary arteries. They
provide a structural evaluation of the vessel walls but do not assess the functionality of the endothelium 关15兴. Furthermore, these
methods are not suited for clinical trials in asymptomatic cohorts
and population based studies due to their invasive nature and the
inherent risks involved 关15兴. Noninvasive structural assessments
include measures such as coronary artery calcium score and ca051005-2 / Vol. 132, MAY 2010

rotid intima-media thickness. Coronary calcium deposits imaged
in coronary arteries using electron beam tomography characterize
the extent of atherosclerosis 关16兴. Although the amount of calcification may be complimentary to risk stratification, the method is
expensive, involves radiation exposure, and is not suited for clinical applications in young adults and children 关16兴. Carotid intimamedia thickness, measured by B-mode ultrasonography, has been
identified as an “intermediate phenotype” of atherosclerosis in the
asymptomatic stage 关15,16兴. Higher values of carotid intimamedia thickness have been attributed to vascular risk factors but
require trained operators and standardized protocols for repeatable
measurements 关16兴. Furthermore, such structural assessments are
only local evaluations of the endothelium of specific arteries and
hence may not represent a global evaluation of the vascular
health. Also, these tests may not capture the early signs of atherosclerosis unless the lumen structure is affected 关15兴. Hence, vascular reactivity, the response of the vasculature to factors such as
occlusion, cold, and stress, may provide a better functional appraisal of endothelial health 关17兴.
Tests such as flow mediated dilation 共FMD兲, peripheral arterial
tonometry 共PAT兲, and digital thermal monitoring 共DTM兲 are
evaluations of the functionality of the endothelium. These tests
give a picture of the overall endothelial state and hence are global
measures of endothelial function 关17兴. FMD is the dilation of the
arteries as a result of shear stress induced release of NO, a major
endothelium derived relaxing factor, caused by increased blood
flow 共reactive hyperemia 共RH兲兲 over the endothelial cells 关12,18兴.
After its first introduction by Sinoway et al. 关19兴 in 1989, Celermajer et al. 关20兴 used high resolution B-mode ultrasound to study
brachial artery diameter changes in response to RH. Following the
release of 5 min of brachial occlusion, a surge in flow rate causes
elevated levels of shear stress leading to release of NO resulting in
dilatation of the brachial artery 关20,21兴. Although this method is
noninvasive, it is difficult to acquire repeatable data and training
is required to interpret the ultrasound images 关18兴. Investigations
of Neunteufl et al. 关22兴 have confirmed endothelium dependent
vasodilation as a prognostic tool, evaluated using FMD in brachial
arteries, for patients with mild coronary artery disease. Heitzer et
al. 关23兴 showed that peripheral endothelial vasodilatory response
measured by venous occlusion plethysmography is associated
with increased risk for CVD and is an independent marker of the
progression of atherosclerotic disease. Forearm endothelial dysfunction measured by forearm blood flow has been associated
with future cardiovascular events in essentially hypertensive patients, with reduced bioavailability of NO being considered as the
primary cause of low amounts of vascular reactivity 关24兴. Vascular
function tests can be performed on a stand alone basis, but they
can demonstrate improved predictive assessment when combined
with traditional risk score evaluations.
It has been observed that RH is reduced in patients with atherosclerosis 关20,25兴 and elevated cardiovascular risk factors
关26–28兴. Also, traditional risk factors and inflammatory markers
have been seen to inversely correlate to flow velocity during RH
by the Framingham heart study 关29兴. Compared with flow mediated dilation, RH has been found to have a stronger correlation
with risk factors 关27兴. Furthermore, correlations of FMD with risk
factors have been attributed to RH, since RH is seen as a stimulus
to FMD 关29兴. As stated by Huang et al. 关29兴, macro- and micromeasures of vascular reactivity add independent predictive
value to cardiovascular risk estimation and hence should be included in the evaluation of endothelial function. Peak velocity
measurements during RH provide a more accurate measure of
vascular function than the diameter changes during RH measured
by FMD 关30兴.
The use of RH as an early indication of CVD has been established by FMD results, but FMD testing is difficult and not well
suited for clinical applications. Recent techniques such as PAT and
DTM are low cost, noninvasive tools to evaluate endothelial function. PAT is used to assess endothelial dysfunction by analyzing
Transactions of the ASME
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Fig. 1 Fingertip temperature response during DTM „clinical
data, sampled data averaged over 1 s interval, symbols added
for clarity…

digital pulse volume changes during RH. The PAT index is calculated as the ratio of the average amplitude 共for an interval of 60 s兲
of the signal after 60 s of cuff deflation to the average of the
baseline signal 共measured as the average of the signal for 210 s
before cuff inflation兲 关31兴. Continuous monitoring of the PAT signal is done during 10 min of equilibration period, 5 min of occlusion, and 10 min of postocclusion 关31兴. DTM measures fingertip
temperature reactivity in response to RH and has been associated
with the severity of CVD.
1.1 DTM. DTM is an evaluation of fingertip temperature recovery after 2–5 min of brachial or digital occlusion. In addition
to measuring the fingertip temperature of the occluded arm, fingertip temperature of the nonoccluded arm is recorded as a control
关32兴. The total vascular response during DTM is represented by a
combination of the thermal changes in the control and occluded
arms. During occlusion, fingertip temperature falls in the occluded
arm due to heat loss to the cooler environment. After the release
of occlusion, an increase in blood flow rate 共RH兲 above the initial
value may result in an overshoot in temperature above the baseline level. DTM responds to both the macro- and microvascular
reactivity. The macrovascular reactivity component is attributed to
the dilation of the macrovessels induced by the vasodilatory response to increased shear stress levels caused by surge in flow
rates 共RH兲 postocclusion 共primarily NO mediated兲. RH plays a
pivotal role in delivering oxygen to the ischemic tissues in order
to maintain the homeostatic balance of the vasculature 关29兴. The
microvascular reactivity is induced by a macrovascular response
to brachial occlusion and is primarily responsible for the amount
of peripheral resistance.
A typical DTM signal is represented in Fig. 1, which shows the
control and occluded arm temperature traces. The start and end of
occlusion are indicated by the vertical lines at 40 s and 340 s,
respectively. The two traces track each other before occlusion and
subsequent to the initial recovery stage. The variations in temperature in these time segments are representative of the thermoregulatory control and neurovascular response to stress 共sympathetic
response兲. Differences of the occluded arm trace from that of the
control are seen primarily during the occlusion and the initial
recovery stages.
1.2 DTM Signal and Reactive Hyperemia. In order to be
able to interpret DTM measures in response to RH, the connection
between fingertip temperature and time-dependent blood flow rate
must be understood. Classical lumped capacity thermal models
like those based on the bioheat equation, a model used to study
heat transfer in living tissues at rest 关33兴, can be used to get first
Journal of Biomechanical Engineering

order estimates of the time constants describing the rate of temperature fall and temperature recovery during reperfusion of the
occluded arm. However, the bioheat equation assigns a single
value of temperature to the entire finger as “lumped tissue temperature,” meaning bone, macro-, and microvessels, flesh, and
skin are all assigned to that single temperature. The relationship
between this temperature and finger surface temperature is not
constant in a transient situation like DTM. Also, the bioheat equation cannot describe the development of the temperature field
within these tissues nor the temperature or flow field external to
the finger surface. The transient nature of the DTM procedure
results in significant temperature distribution adjustments causing
poor predictions using a lumped capacity model during 共1兲 the
initial temperature response just after occlusion, 共2兲 the time delay
associated with the re-establishment of the temperature field after
release of occlusion, and 共3兲 the recovery stage after release of
occlusion as a result of RH. The lumped capacity thermal model
approach is thus limited in explaining the details of the DTM
signal.
Other models, like the countercurrent arteriovenous heat exchange model of Shitzer et al. 关34兴, have been used to study the
thermal behavior of an extremity subject to a cold environment.
Although these kinds of models do give an overall understanding
of the heat transfer in a digit or other extremity, they have limitations in that they do not include the complete pathway of heat
transfer from the large and medium sized arteries to the tissue
encapsulating the microvessels, and to the macroveins collecting
the return of blood from the capillaries.
In order to make accurate finger surface temperature predictions, it is not only necessary to capture the internal temperature
distribution but it is also critical to solve the air flow and temperature fields external to the finger. The finger surface temperature
depends on the surface heat transfer, which ties the external temperature field to the internal temperature field. Thus, in order to
relate the blood flow rate into the finger to the finger surface
temperature for the transient DTM situation, it is necessary to
solve the coupled mass, momentum, and energy equations, both
internal and external to the finger. However, including details of
the microvascular flow is extremely difficult and also unnecessary
since the thermal response of the finger is not expected to be very
sensitive to the details of the flow at the microvascular level.
Thus, a porous medium is used to model the effects of the microvasculature.

2

Mathematical Model

To establish the connection between RH and DTM measures,
detailed numerical simulations of a finger with imposed changes
in blood flow rate are investigated. The numerical finger model
components include bone 共solid兲, major arteries, and veins 共representative of the macrovascular system兲, tissue 共porous media representative of the microvasculature system兲, and an outer skin
layer 共solid兲. The finger thermal solution was coupled with the
solution for an external air flow to represent the environment. The
external air flow included both forced and natural convection effects resulting from the transient finger surface temperature. The
two major arteries and veins were assumed to combine the thermal 共primarily advective兲 effects of all large to medium sized
blood vessels in the finger. These vessels were modeled as distinct
entities in order to capture the rapid advection of heat along the
finger and advection and diffusion of heat into the surrounding
tissue. On the other hand, the microvasculature is comprised of a
large number of arterioles, venules, and capillaries, which have a
large surface area to volume ratio. This would suggest that the
primary impediment to heat transfer is convective rather than diffusive. The microvascular system would thus have a thermal response similar to that of a porous medium, and hence such a
model was used in order to capture the thermal distribution of heat
in the tissue. In the present model, the macrovessels are implemented in line with the model of Shitzer et al. 关34兴. The solution
MAY 2010, Vol. 132 / 051005-3
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Fig. 2 Finger model components and steady-state temperature „°C… distribution at the sensor plane with the finger enclosed in an air cavity „simulation conditions same as Fig. 6…

of the numerical model predicts the DTM response 共finger surface
temperature at the sensor location兲 for specified levels of input
blood flow rate resulting from RH, in a specified environment.
The input flow waveform used for the simulations was modeled
as an instantaneous overshoot in flow rate after release of occlusion, followed by an exponential decay back to the baseline level.
This model is based on the Doppler velocimetry data of the radial
artery such as shown in Fig. 4共b兲 and consistent with the observations of Huang et al. 关29兴. Solutions to the complete temperature and flow distributions in and around the finger were obtained.
As will be shown, the DTM signal characteristics 共temperature
fall rates and time delays observed in temperature changes during
occlusion and rise兲 were in good agreement with those of typical
DTM responses obtained by measuring fingertip temperature. This
agreement suggests that the sophistication of the model is appropriate for the purposes of the study.
2.1 Model Description. A three-dimensional model of a finger 共shown in Fig. 2兲 with surrounding air flow was used to study
the temperature distribution in and around the finger during DTM.
Table 1 provides the dimensions of the finger components used in
the model. The average dimensions of bone were estimated from
the photographs provided by Hutchinson et al. 关35兴. Other dimensions are similar to those used by Shitzer et al. 关34兴. The tempera-

ture distribution at the sensor plane 共the plane corresponding to
the location of the temperature sensor used in experiments and
clinical trials on the underside of the skin surface, 1.2 cm from the
tip of the finger兲 and the finger cross section is shown at steady
state 共Fig. 2兲. The side walls of the computational domain are
located at a distance from the finger core to resemble the midplane
in the gap between the two adjacent fingers. The thermophysical
properties of the finger components used in the numerical model
are provided in Table 2.
2.2 Computational Mesh. GAMBIT™ 共Ansys Inc., Canonsburg, PA, U.S.A.兲 was used to create the computational mesh for
the model finger enclosed in an air cavity. Regions containing
steep gradients of flow variables like the area around the surface
of the macrovessels and the regions proximal to the finger surface
were meshed with higher grid resolution, while regions containing
bone or remote regions of air cavity were meshed with a much
lower resolution. Size functions were used in order to have a
smooth transition of mesh spacing from the denser regions of the
grid to coarser regions, while maintaining a good mesh quality.
The mesh quality was measured by cell equiangle skew defined
as, max共共共qmax − qe兲 / 共180− qe兲兲 , 共共qe − qmin兲 / 共qe兲兲兲 where qmax is
the largest angle in the face or cell, qmin is the smallest angle in

Table 1 Dimensions of the finger components used in the numerical model
Skin
共cm兲

Dimensions
Length
Base radius
Tip radius

9.2
0.945 共outer兲
0.84 共outer兲

Muscle
共cm兲
9.1
0.875 共outer兲
0.77 共outer兲

Bone
共cm兲

Veins
共cm兲

Arteries
共cm兲

8.0
0.4375
0.385

8.6
0.07
0.07

8.6
0.07
0.07

Table 2 Property values for finger components used in the numerical model
Density
共kg/ m3兲

Specific heat
共J/kg K兲

Conductivity
共W/m K兲

Viscosity
共kg/m s兲

Expansion
coefficient
共1/K兲

1050 关36兴
1.225
共Boussinesq兲
1401 关34兴
1057 关34兴

3899 关34兴
1006.43

0.45 关34兴
0.0242

0.004 关36兴
1.789⫻ 10−05

0.0033

2102 关34兴
3780 关34兴

0.63 关37兴
0.3 关34兴

-

-

Finger
component
Blood
Air
Bone
Flesh 共skin兲

051005-4 / Vol. 132, MAY 2010
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Fig. 3 Histogram of grid quality „measured by equiangle skew…: „a… sensor
plane for 3D simulations and „b… for 2D simulations

the face or cell, and qe is the angle for an equiangular face or cell.
The values for cell equiangle skew ranged from 0.06 to 0.84 for a
three dimensional mesh and from 0 to 0.6 for two-dimensional
mesh with the majority of the cells having value less than 0.6
共considered as a good quality mesh兲. Error analysis was done to
check the mesh and time step independence on the simulated
DTM response for flow parameters listed in Fig. 7. L2 and L⬁
norms denoting the rms and the maximum error, respectively,
when comparing solutions between the grid used 共see Fig. 3 for
the distribution兲 and a grid twice as fine, were found to be 0.05° C
and 0.10° C, respectively. The differences in the DTM signal between the coarse and the fine mesh are mainly attributable to the
difference in steady-state temperatures of 0.053° C for the flow
parameters used. The time step of 1.0 s used for the twodimensional simulations was found to be small enough to resolve
the temporal gradients of flow variables when compared with a
solution computed at 0.5 s time steps. Thus, the grid, with the
distribution shown in Fig. 3 and a time step of 1.0 s, were used to
run DTM simulations.
2.3 Governing Equations. To get the complete flow and temperature description in and around the finger, the Navier–Stokes
and energy equations were solved using FLUENT™ 共Ansys Inc.兲.
The effect of the tissue porosity was modeled as source terms in
the momentum equations to account for a pressure drop across the
porous zone. For an incompressible flow, the set of transport equations for mass and momentum for a porous medium 关38,39兴 are



冋

册

ⵜ · 共u兲 = 0

u
+ 共u · ⵜ兲u = − ⵜP + g + ⵜ · ញ + Spor,media
t

共1兲
共2兲

Here,  is the density, u is the velocity vector, P is the static
pressure, g is the gravity vector, and Spor,media is the momentum
source strength per unit volume accounting for pressure drop due
to porosity. The deviatoric stress tensor ញ is defined as 关40兴

ញ = 关ⵜu + ⵜuT兴

共3兲

The components of the momentum source term, Spor,media, are defined as

冉兺 冊
3

Si = −

Diju j

共4兲

j=1

where ␣ij = 1 / Dij is the permeability matrix specified as a material
property of the tissue 共value specified in boundary conditions for
tissue兲.
With the assumptions of incompressible flow, negligible viscous dissipation, and local thermal equilibrium within the porous
region of the finger, with Ts = Tb = T, where Ts and Tb are the
temperatures of the tissue and blood, respectively, the energy
equation is 关44兴
Journal of Biomechanical Engineering

共c兲eff

T
+ 共bcb兲u · ⵜT = ⵜ · 共keff ⵜ T兲
t

共5兲

with effective properties defined as
共c兲eff = ␥bcb + 共1 − ␥兲scs
keff = ␥kb + 共1 − ␥兲ks
Here, c denotes the heat capacity, ␥ denotes the porosity, and k
denotes the thermal conductivity. The subscript s refers to tissue, b
refers to blood, and eff refers to effective values.
For air outside the finger the governing equations are



冋

册

ⵜ · 共u兲 = 0

u
+ 共u · ⵜ兲u = − ⵜP + ␤共T − T⬁兲g + ⵜ · ញ
t
共c兲

冋

册

T
+ u · ⵜT = ⵜ · 共k ⵜ T兲
t

共6兲
共7兲
共8兲

where ␤ = 1 / T⬁ is the volumetric coefficient of thermal expansion
and T⬁ is the far-field air temperature.
The set of governing equations for the finger arteries are



冋

ⵜ · 共u兲 = 0

册

u
+ 共u · ⵜ兲u = − ⵜP + g + ⵜ · ញ
t
共c兲

冋

共9兲
共10兲

册

共11兲

T
= ⵜ · 共k ⵜ T兲
t

共12兲

T
+ u · ⵜT = ⵜ · 共k ⵜ T兲
t

For bone, the energy equation is
共c兲

2.4 Schemes Used. Discretization schemes for the governing
equations with consistent orders of accuracy for flow variables,
along with properly prescribed boundary conditions, were chosen
to obtain a unique and accurate solution with good convergence
rates. Since natural convection is always important for the air
surrounding the finger, the pressure variable was discretized using
the body forced weighted scheme, a scheme suitable to model
buoyancy effects. The Boussinesq approximation was used to account for temperature effects on the air density when solving the
transport equations. Momentum and energy equations were discretized using the second order upwind schemes to reduce numerical diffusion. Radiation is a significant mode of heat loss
from the finger surface based on first order estimates and was
included in the numerical model. Radiation effects were captured
using a P1 model 共for details, see Refs. 关41,42兴兲, which represents
MAY 2010, Vol. 132 / 051005-5
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the radiation intensity by a series of orthogonal spherical harmonics. The additional transport equation for the P1 model is

冋 册

 1 qj
T
− 3␣qi − 16T3
=0
 xi ␣  x j
 xi

共i = 1,2,3兲

共13兲

Here, ␣ is the absorption coefficient,  is the Stefan–Boltzmann
constant, T is the temperature of air, and qi is the radiation heat
flux to be included in the energy equation. The pressure-velocity
coupling was done using the pressure implicit with splitting of
operator algorithm 关43兴.
2.5 Initial and Boundary Conditions. The solution was initialized to a zero velocity field and a uniform temperature of
22° C. The air velocity was specified as a uniform inflow condition with vertical upward velocity of 0.1 m/s at a temperature of
22° C. This choice was used to simulate an air conditioned room
with a temperature typical of clinical situations.
The air outlet was specified as a pressure outlet 共the static pressure is specified to be atmospheric兲 at a temperature of 27° C. The
outlet temperature condition is specified at a higher temperature
compared with the air inlet to avoid buoyancy driven backflow.
This is particularly important to avoid the feedback of far-field
boundary conditions on the thermal field around the finger. The
side walls of the air cavity were specified as free slip walls 共zero
tangential stress兲 and a zero normal velocity. The side walls are
assumed to be adiabatic. The artery inlets were specified with an
inflow of blood at a rate in the range of 0.5–40 cc/min and at a
temperature of 37° C. The vein outlets were specified with an exit
blood flow rate to match the artery blood inflow rate. The artery
and vein regions 共volumes兲 were specified as fluids with properties of blood. The tissue filling the space between the arteries,
veins, and the skin was specified as a porous media with the
properties of blood and with a porosity of 0.8. Normally the tissue
porosity does not exceed 0.6 关44兴, but a higher value of porosity is
assumed to account for the larger density of blood vessels in the
fingertip. The relative viscosity resistance formulation was used to
model porosity effects with an isotropic viscous resistance, Dij, set
to 2 ⫻ 1013 m−2. The choice of this order of viscous resistance is
discussed by He et al. 关45兴 and sets the total pressure drop across
the tissue. For the highly viscous flow in the tissue, the value of
viscous resistance has little effect on the flow pattern.
2.6 Reactive Hyperemia Model. A DTM simulation was performed starting from a steady-state solution representing the preocclusion baseline temperature in the DTM signal. The occlusion
was performed by switching off the blood flow rate at the artery
inlet for 120 s 共tocc,end − tocc,st兲. The occlusion time period of 120 s
was chosen to be consistent with the occlusion time used in a
majority of clinical trials. The recovery stage during reperfusion
was modeled by an instantaneous overshoot in blood flow rate
共the maximum flow rate above the baseline set by the overshoot
index—representing a given amount of RH兲 and allowed to decay
exponentially back to the baseline level 共see Fig. 4共a兲兲. Mathematically, the flow rate was defined as
Q共t兲 = Qs,
Q共t兲 = 0,

t ⬍ tocc,st

共pre-occlusion兲

tocc,st ⬍ t ⬍ tocc,end

Q共t兲 = Qs共1 + be−共t−toccl,end兲/tc兲,

共during occlusion兲

t ⬎ tocc,end

共postocclusion兲

Here Qs represents the baseline or steady-state blood flow rate, b
is the overshoot index with values in the range from 0 to 6, and tc
is the decay time constant from the overshoot being in the range
60–120 s, estimated from typical Doppler flow waveforms obtained in the radial artery 共an example shown in Fig. 4共b兲兲. This
waveform is a simple representation of RH, where the parameters
characterizing the waveform are consistent with observations. For
example, the maximum overshoot in flow rate is assumed to be
instantaneous instead of peaking within a few seconds as stated by
Huang et al. 关29兴. Also, the flow rate falls to 13% of the overshoot
051005-6 / Vol. 132, MAY 2010

Fig. 4 Input flow rate to simulate RH: „a… schematic and „b…
from radial Doppler velocimetry

above baseline in 120 s 共two times tc兲, which agrees well with a
normal decay period of 2–3 min 关29兴. The systemic or the neurovascular response and the initial state of the macro- and microvasculature have been assumed not to have an influence on the
waveform characteristics. In particular, b may be a function of the
initial vascular state and, hence, may be related to Qs. The model
uses a combination of values of Qs and b as independent inputs,
which are assumed to remain constant over the period of the test.
Short term memory effects associated with RH, if present, are
assumed to decay away by the end of test given a sufficient post
occlusion monitoring period and thus are not included in the
present model. An implicit assumption in using this flow rate time
dependence is that the individual has normal vascular reactivity.
That is, the results represent the expected response of DTM parameters for healthy individuals. The effects of impaired vascular
reactivity might require a modification of the functional form of
the flow rate dependence that is not investigated in the present
study.

3

Results

There are a large number of input parameters for the simulations including air velocity and temperature, Qs, b, and tc. To
better understand the transient nature of the DTM signals, only Qs
and b will be varied, with the other parameters held constant at
values typical of clinical situations. The air velocity and temperature will primarily affect the rate of cooling of the finger during
Transactions of the ASME

Downloaded 05 Apr 2010 to 129.7.158.43. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

Fig. 5 Steady-state temperatures „Tss… at the sensor location
as a function of Qs for an upward air velocity of 0.1 m/s

occlusion and the steady-state finger temperature. The assumed air
velocity will have little effect on the details of the finger temperature recovery, since the heat transfer rate for a given air velocity
and temperature is nearly constant during the entire procedure.
The flow rate decay time constant is expected to affect recovery
time, with a smaller effect on the temperature change magnitudes.
Thus, all simulations reported will be for a flow time constant of
tc = 60 s unless specified otherwise.
Apart from the flow parameters and boundary conditions, variations of the physical dimensions and thermophysical properties
across the population primarily affect the occlusion time constant.
The value of the occlusion time constant is consistently between
600 s to 1200 s as seen in several large clinical studies. The time
for recovery from occlusion for healthy individuals is less than
180 s. Thus, the DTM parameters characterizing temperature recovery are not very sensitive to variations in finger size and thermophysical parameters.
3.1 Steady-State Solution. At steady-state conditions, there
exists a balance between the net thermal energy input from the
arteries and veins and the loss of heat to the surroundings by
radiation and convection. For constant environmental variables,

this requires that the steady-state finger surface temperature is a
monotonic function of blood flow rate. The steady-state temperature 共Tss兲 at the sensor location 共the point of measurement in clinical trials兲 is shown in Fig. 5 as a function of the baseline blood
flow rate in the arteries. For the flow rates chosen, Tss varies in the
range of 28– 33° C, falling within the physiological range of
25.2– 33.8° C 共average of 31.6° C兲 as measured by Agarwal et al.
关46兴. As expected, Tss 共fingertip steady-state temperature for a
given flow rate兲 increases with baseline blood flow rate, asymptotically, approaching a maximum set by an energy balance between heat losses from the finger surface and an influx of energy
from blood flow in the arteries.
Figure 6 shows the spatial temperature distributions in three
orthogonal planes 共vertical and horizontal cross section and the
finger base plane兲 for Qs = 10 cc/ min and an air velocity of 0.1
m/s at steady state. A thermal plume is seen emanating from the
finger surface resulting from mixed convection driven by elevated
finger surface temperature. For the given geometry and configuration, the plume Reynolds number,
Re =

VD 1.2共 kg/m3兲 ⫻ 0.1共m/s兲 ⫻ 0.018共m兲
= 119
=
18.17 ⫻ 10−6共Pa s兲


and the Grashof number,
Gr =

冉 冊

g␤
共Tsurf − Tambient兲D3 = 14.7 ⫻ 107共1/K m3兲 ⫻ 8.04共K兲
2

⫻ 0.0183共m3兲 = 6890
Here,  is the air density,  is the kinematic viscosity, and ␤ is the
volumetric coefficient of thermal expansion of air evaluated at
22° C; V is the approach velocity taken to be 0.1 m/s and D is the
average finger diameter taken as 1.8 cm 共from Table 1兲. The surface temperature Tsurf is taken as 30.04° C, which corresponds to
Qs = 10 cc/ min with an air speed of 0.1 m/s at an ambient temperature Tambient of 22° C. Using the correlations provided by
Morgan 关47,48兴, the flow regime is of mixed convection type up
to air velocities of 0.5 m/s. The steady-state temperature distribution is nearly two dimensional with little axial variation 共variations along the length of the finger兲 internal and external to the
finger, except in regions very close to the fingertip.

Fig. 6 Steady-state temperature distribution „internal and external to the
finger, shown in three planes… for Qs = 10 cc/ min and air velocity= 0.1 m / s
„see Fig. 2…
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Fig. 7 Artery surface temperature „°C… during the recovery
stage, toccl,end = time at the end of occlusion „Qs = 10 cc/ min, b
= 4, tc = 60 s, Tambient = 22° C, air velocity= 0.1 m / s…

The location of the sensor plane is 1.2 cm from the fingertip,
which is sufficiently distal to approximate the temperature distribution as two dimensional. The sensor used to make DTM measurements, mounted on a self-adhesive probe, was designed in
order to have minimal loading effects and interference with the
thermal plume emanating from the finger surface and is, hence,
not included as a part of the numerical model. Specifically, the
material and thickness for the probe body were chosen such that
the heat flux through the skin surface 共in the absence of the probe兲
is the same as the heat conduction through the probe assembly.
For these conditions, the velocity at the air exit 共not shown兲 is
nearly uniform and vertical with no reverse flow.
The small axial gradient of temperature compared with the
transverse directions suggests that a two-dimensional model can
be used to reduce computational costs. When axial conduction is
negligible compared with transverse conduction, the solution can
be represented in a transverse plane. The boundary condition for
the solution then must be specified as a flow and temperature at
the artery and vein surfaces. A two-dimensional model represented by the finger cross section is used to capture the temperature distribution internal and external to the finger. Using a twodimensional model reduces the number of nodes by a factor of
about 22:1 共86,750 nodes versus 3810 nodes兲 for a given mesh
quality. However, in order to simulate the DTM response accurately with a two-dimensional model, the correct temporal dependence of the artery and venous surface temperature at the sensor
plane is required. The sensor plane artery temperature depends on
the heat loss by conduction from the artery surface to the tissue
between the finger base and the sensor plane. The artery surface
temperature required as an input for the two-dimensional model,
shown in Fig. 7, has been obtained from three-dimensional simulations for a given blood flow rate and air velocity. As can be seen
from Fig. 7, the artery surface temperature overshoots to a value
of about 34° C and then asymptotes to a baseline value with a time
constant much longer compared with the rise. The rapid overshoot
in artery surface temperature is caused by the instantaneous flow
rate overshoot and a short transit time of blood to the sensor plane
location, while the longer temperature decay is associated with the
equilibration time, representing the conduction of heat from the
artery surface to the neighboring tissues in the portion of the finger upstream of the sensor location. This temperature was found
to be expressible as a function of the flow rate and its decay time
constant along with two thermal time constants to describe the
quick initial rise and the slow decay to the asymptotic 共steady
state兲 value. An equation thus obtained as a function of flow rate
and decay time constant was found to accurately predict the artery
surface temperature at the sensor location when checked against
051005-8 / Vol. 132, MAY 2010

Fig. 8 Fingertip temperature response during DTM; measured
„o—occluded arm, x—control arm… and simulated „-… for conditions Tambient = 24.8° C, Qs = 35 cc/ min, b = 1.5, tc = 120 s, air
velocity= 0.02 m / s

full three-dimensional simulations for a range of flow rates. The
venous surface thermal boundary condition is assumed to be adiabatic on the assumption that the venous surface temperature is
equal to the local blood temperature before occlusion and that the
venous blood cools at the same rate as the surrounding tissue
during occlusion. DTM results, hereafter, are from the twodimensional simulations.
3.2 Model Validation. In order to validate the numerical
model, a simulation was run for a test subject under controlled
laboratory conditions. The test subject finger measured 13.5 mm
diameter at the tip. The ambient temperature was measured to be
24.8° C. Although the model results have been reported for an air
velocity of 0.1 m/s, typical of clinical situations, the validation
study was done in a relatively quiescent environment, thus estimating the air velocity at 0.02 m/s. Figure 8 presents the DTM
response obtained.
Since the finger blood flow rate was not known, the blood flow
rate parameters were determined for the best agreement between
measurements and simulation results. The baseline flow rate was
chosen as 35 cc/min, which falls in the range of measured blood
flow rate in fingers 关49兴, to match the measured steady-state temperature of 34.12° C. As seen in Fig. 8, a b value of 1.5 with a tc
value of 120 s gives good agreement with the measured data.
The simulation captures the details of the DTM response including the time delay at the start of occlusion, the occlusion time
constant 共rate of fall during occlusion兲, the time delay after release
of occlusion, and the recovery of the DTM signal. The minimum
temperature observed at the fingertip is delayed by about 14 s
beyond release of occlusion. This time delay falls in the range of
time delays found in clinical trials. In a separate study done with
115 asymptomatic patients, the time delay had an average of 16.3
s with a standard deviation of 4.9 s. The deviation seen beyond
200 s is due to the thermoregulatory/sympathetic effects causing
local variations in blood flow rate as is evident from the control
arm temperature response.
Results were also obtained for a second subject with similar
agreement 共not shown兲. Thus, the finger model can closely reproduce an actual DTM response using measured finger dimensions
and ambient conditions with realistic values of flow rate paramTransactions of the ASME
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Fig. 9 DTM response „Qs = 10 cc/ min, b = 4, tc = 60 s, Tambient
= 22° C, air velocity= 0.1 m / s…

eters 共Qs, b, and tc兲. These results indicate that the finger model
and assumed blood flow rate function produce sufficiently realistic
DTM responses for the present investigation.
3.3 DTM Response. Figure 9 shows the simulated DTM response for Qs = 10 cc/ min 共corresponding to Tss of 30.04° C兲, b
= 4, and tc = 60 s. Time is measured from the start of occlusion
and the occlusion is released after 120 s. The fall rate during
occlusion is determined by the surface heat transfer coefficient
and the thermal properties of the finger. The surface heat transfer
coefficient is a function of air speed and finger surface temperature since the heat transfer mechanism is both forced and natural
convection 共mixed convection regime兲. After the minimum temperature is reached, the temperature rebounds 共TRs兲 and may rise
to a value above the baseline level. This overshoot in temperature
is defined as TR 共representing temperature excess in response to
RH兲. Subsequently, the temperature comes back to the start temperature. As is evident from Fig. 9, the DTM response during the
recovery stage is associated with both a short and a long time
constant. The short time constant is related to the conduction of
heat from the artery surface to the finger surface via the tissue,
while the longer time constant is associated with the equilibration
of heat input from the incoming blood to the heat losses from the
finger surface to the controlled environment. The following parameters are defined in order to characterize the DTM signal
shown in Fig. 9.
TR is defined as the overshoot in temperature during recovery
above the baseline or pre-occlusion level. Nadir to peak 共NP兲 is
the difference between the maximum temperature and the minimum temperature, postocclusion. Time to TR 共TTR兲 is the time
between the minimum and maximum temperature, postocclusion.
Area under the curve 共AUC兲 is the area of the triangle bounded by
the minimum and maximum temperatures and the time bounding
the maximum temperature and the minimum temperature obtained
in the DTM signal. These parameters are in current clinical use
and their dependences on RH as modeled by the simulated flow
input are presented later.
3.4 Transient
Temperature
Distributions.
Figures
10共a兲–10共h兲 show the temperature distribution at different instants
of time during the occlusion stage. At the beginning of occlusion,
the temperature distribution has a maximum near the arteries and
veins. The blood in this region would normally be advected out of
this region through the veins. When occlusion occurs, this blood is
trapped in the finger and the elevated temperature represents excess sensible heat that must be conducted toward the finger surface before the finger temperature begins to fall. This effect is
what causes the time delay before finger surface temperature
drops at the start of occlusion. This can be thought of as the time
Journal of Biomechanical Engineering

it takes for conduction to establish the more uniform temperature
gradients that exist during the finger cooling process. A typical
time constant for a finger 共without significant forced convection兲
is about 12 min. Thus, for a typical 2–5 min occlusion, the rate of
temperature fall is nearly constant. This means that the heat flux
from the finger surface is constant and, thus, the internal temperature gradients are constant.
Figures 10共i兲–10共p兲 show the initial stages of the recovery of
the temperature field associated with the reperfusion of warm
blood 共at a temperature presented in Fig. 7兲. The sequence of plots
at various times depicts the reheating of the finger starting from
the artery surface and progressing to the outer skin. The heating
starts with the advection of heat across the artery surfaces toward
the veins, through the 共porous兲 flesh. Initially, the changes in temperature distribution are primarily due to conduction of heat toward the finger surface. After the initial heat conduction within
the finger, surface temperature changes begin to affect the external
flow field, indicating a significant increase in finger surface heat
flux. From 15 s to 25 s, changes are only seen in the external
temperature field. Until the excess heat reaches the surface, the
surface temperature continues to fall due to the heat flux out of the
finger at the finger surface. Thus, there is a progression in time
from advection into the finger core, conduction of heat from the
core toward the surface, and finally a rise in finger temperature
until the balance between conduction to the surface and convective transport of heat away from the finger surface is established.
For the case of no RH, the blood flow rate postocclusion is constant and the temperature rises, after establishing the internal temperature distribution, in a nearly exponential variation. When
there is significant RH, the blood flow rate is constantly changing
and the temperature field must continually adjust resulting in the
nonexponential nature of the surface temperature response 共see
Fig. 11兲.
As seen in Fig. 10, both during occlusion and after release, the
temperature distribution external to the finger appears as a thermal
plume. During the DTM test, the temperature field on the underside of the finger is more stable compared with the thermal wake
on the top of the finger; hence, the underside of the finger surface
is a better location for the temperature sensor to monitor DTM.
Figure 11 is a plot that shows the DTM responses as a function
of Qs for 共a兲 no RH and 共b兲 400% RH 共b = 4兲. DTM curves with
no RH show a more gradual return to the start temperature. Higher
base flow rates are accompanied by higher recovery slopes for a
given amount of RH. Also, for the same flow rate when comparing traces in Figs. 11共a兲 and 11共b兲, RH results in an increase in the
recovery slope of the DTM signal. Both of these conditions represent an increased rate of recovery with increased flow rate, since
a higher base flow rate for a given RH value represents a higher
peak flow rate.
3.5 DTM Parameters and RH. Figures 12–15 show trends
in the DTM parameters for a range of different Qs and with different values of b. Figure 12 shows an increase in TR with increasing Qs for a given amount of RH 共b = 4兲. Also, the value of
TR increases with b for a given Qs. Both observations suggest the
increase in TR with flow rate, since a larger b implies a larger
instantaneous and net flow rate during the recovery stage. There is
also a decrease in the slope of the curves at higher flow rates. This
is a result of the artery surface temperature asymptotically approaching the finger base temperature at higher flow rates. As
mentioned before, the values of b expected for a healthy individual should actually be a function of Qs, since there must be an
upper limit on the amount of dilatation of a blood vessel. Thus, a
line of constant b may not necessarily be indicative of the cutoff
for what is a healthy value of TR, although the limit is probably a
function of Qs. It should be noted that even though the TR values
are small for low values of Qs, they do represent significant
amounts of RH. For example, at flow rates in the range of 0.5–5
MAY 2010, Vol. 132 / 051005-9
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Fig. 10 Contours of temperature in the sensor plane at „a… 0 s, „b… 1 s, „c… 21
s,„d… 42 s, „e… 72 s, „f… 92 s, „g… 102 s, and „h… 112 s from start of occlusion;
„i… 1 s, „j… 5 s, „k… 9 s, „l… 15 s, „m… 25 s, „n… 100 s, „o… 300 s, and „p… 500 s
postocclusion; Qs = 10 cc/ min, b = 4, and tc = 60 s, Tambient = 22° C, air
velocity= 0.1 m / s „the bottom and top surfaces are clipped for magnification of the distribution in and around the finger…

cc/min, a small value of TR can represent a significant amount of
RH, measured by percentage change in flow overshoot. Thus, a
combination of TR and Qs is needed to completely characterize
reactivity.
The parameter, NP, has an increasing trend with flow rate beyond 5 cc/min 共Fig. 13兲. By definition, NP is the summation of TF
共temperature fall from the start temperature 共Tss兲 to the minimum兲
and TR; NP is thus a measure of heat losses during occlusion
共related to TF兲 and RH 共related to TR兲. The initial insensitivity of
NP to Qs and b is due to the fact that TR is quite negligible
compared with TF for smaller flow rates. For higher flow rates,
TR is appreciable, with both TF and TR increasing with flow rate;
thus NP shows a significant increase with Qs. Also, at higher flow
rates, the slope of the NP curves decreases, a trend similar to that
observed in TR. On the other hand, for a given Qs with different
amounts of RH, TF, which is only a function of Qs, would be
constant and only TR would change. In those situations, NP would
be directly related to TR and does not add extra predictive value
in terms of characterizing the DTM signal to measure reactivity.
As shown in Fig. 14, TTR, a parameter that marks the occurrence of maximum temperature above baseline, decreases asymptotically with an increase in flow rate for different values of b.
This is because higher flow rates supply warmer blood more rap051005-10 / Vol. 132, MAY 2010

idly through the arteries along with enhanced porous convection
and, therefore, the time taken to reach the maximum temperature
is shorter. But when comparing Figs. 12 and 14, it is seen that TR
is a more sensitive index of reactivity than TTR for higher flow
rates. In addition, for very low flow rates and low values of b,
there is not an observable overshoot in temperature so TTR is not
well defined. Thus, TTR values are not plotted for these conditions. In spite of TTR not being a strong measure of thermal
reactivity for the results shown, it may be a useful parameter in
other situations. For example, flow waveform shapes are directly
related to tc and hence would be related to TTR. Thus, TTR might
be an important parameter when trying to investigate the effect of
deviation of flow waveform shape from a normal reactive case
when studying subjects with impaired vascular function.
Trends in AUC have a behavior similar to TTR and decrease
asymptotically with increased flow rate 共Fig. 15兲. AUC being a
function of TTR has increased sensitivity at low flowrates, which
is primarily attributable to the high sensitivity of TTR. However,
AUC is rather insensitive at higher flow rates and so does not
offer an improvement over TR as an independent measure of thermal reactivity with good sensitivity.
Among the parameters defined, i.e., TR, NP, TTR, and AUC, a
single parameter may not be able to fully characterize the DTM
Transactions of the ASME
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Fig. 11 DTM response for various flow rates with „a… no RH and with „b… RH, b = 4, and
tc = 60 s, Tambient = 22° C, air velocity= 0.1 m / s for the input flow waveform

signal in terms of measuring RH with good sensitivity. As discussed, parameters such as TTR and AUC are more sensitive for
lower flow rates but may not be well defined at very low flow
rates. At higher flow rates, AUC and TTR are rather insensitive
measures 共see Figs. 15 and 14兲, whereas TR and NP have better
sensitivity in addition to having a more direct physical connection
to RH. Among TR and NP, as discussed before, NP does not
always add additional predictive value compared with TR. Thus,
among the parameters defined, TR seems to be the best predictive
measure of reactivity with good sensitivity over the range of flow
rates studied.
3.6 TR and Start Temperature Variation. In order to make
DTM tests relevant in clinical applications, the values of TR for
healthy individuals must be distinguished from those of individuals with poor RH. In Fig. 12, TR was shown for different values
of Qs and b. Although this was useful for understanding the physical processes involved, the baseline blood flow rate is not readily
available during DTM tests. What is needed is TR as a function of
an externally measurable quantity for different b values. The finger start temperature provides the required information, since it is

Fig. 12 TR dependence on Qs for b = 2 , 4 , 6; curve fit lines
shown only for trend purposes and do not represent actual
data points
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uniquely related to Qs. Figure 16 shows TR as a function of finger
start temperature for several values of reactivity 共b兲. As shown,
there is good sensitivity to RH, as indicated by the different b
values, at all start temperatures.
In order to differentiate patients based on vascular health using
TR, a normal range of TR needs to be defined. Figure 16 indicates
that this “normal range” of TR would be a function of the start
temperature. In other words, a single normal value of RH would
transform into a range of normal TR values at different start temperatures. For example, if 400% RH is considered healthy, then
the TR values for a b of 4 共Fig. 16兲 would be the corresponding
cutoff based on thermal reactivity.
As mentioned previously, there are two important assumptions
in the present simulations that limit the results. The first is that the
assumed flow rate dependence does not account for the limits of
dilation of arteries during RH, even for healthy individuals. This
could be accounted for in the simulations by limiting the instantaneous flow rate values. To avoid violating this assumption, the
maximum value of b, a measure of RH used for simulations was

Fig. 13 NP dependence on Qs for b = 2 , 4 , 6; curve fit lines
shown only for trend purposes and do not represent actual
data points
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Fig. 14 TTR „min… dependence on Qs for b = 2 , 4 , 6; curve fit
lines shown only for trend purposes and do not represent actual data points

Fig. 16 TR dependence on start temperature for b = 2 , 4 , 6;
curve fit lines shown only for trend purposes and do not represent actual data points

4
not more than 6. Higher values of overshoot may be realistic, but
the present study is more focused on identifying the differences in
DTM parameters for less healthy patients with low values of b.
The second assumption that limits application of the present
results is that the changes in instantaneous flow rate are only due
to RH resulting from release of occlusion. This requires that the
anastomoses are fully open during the DTM testing. When the
finger start temperature is below about 25° C, the finger thermal
regulatory system has often begun to bypass flow to the fingertip
关50兴. DTM signals for individuals in this condition show very
little temperature fall during occlusion, due to the already low
start temperature, and a very sharp rise in temperature above the
start value for some cases, presumably due to a very large percentage increase in flow at release of occlusion. The interaction of
anastomoses with RH is not well understood but certainly complicates the interpretation of TR measured for these cases. Until
the interdependence of RH and anastomoses operation is better
understood, TR limits should not be applied to DTM tests under
cold finger conditions as indicated by start temperatures below
25° C.

The numerical model has been shown to be sufficiently complete to be able to describe the transient temperature response of a
finger to a DTM test procedure. In order to be clinically relevant,
the DTM technique must provide results 共values of TR兲 that can
help discriminate between patients with and without CVD. Specifically, variations in DTM parameters due to vascular health
must be larger than variations due to test conditions and, more
importantly, also larger than variations in DTM parameters due to
differences between patients in thermal-physical parameters 共finger size, bone density and size, conductivity of bone and flesh,
etc.兲.
Ahmadi et al. 关51兴 reported the results from clinical trials on a
population of 233 asymptomatic subjects 共58⫾ 11 years; 62%
men兲 with significant coronary artery calcium 共CAC兲 or increased
FRS. TR and AUC were measured and correlated with FRS and
CAC. They show that TR was lower in patients with FRS
⬎ 20% and CAC greater than or equal 100 as compared with
FRS⬍ 10% and CAC⬍ 10, respectively 共P ⬍ 0.05兲. After adjustment for age, sex, and traditional cardiac risk factors, the odds
ratio of the lowest compared with the upper two tertiles of TR was
3.96 for FRS greater than or equal 20% and 2.37 for CAC greater
than or equal 100 compared with low-risk cohorts. The area under
the receiver operating characteristic 共ROC兲 curve to predict CAC
greater than or equal 100 increased significantly from 0.66 for
FRS and 0.79 for TR to 0.89 for TR plus FRS. They conclude that
vascular dysfunction measured by DTM strongly correlates with
FRS and CAC independent of age, sex, and traditional cardiac risk
factors and was superior to FRS for the prediction of significant
CAC.
This study shows the potential predictive value of DTM as a
low cost noninvasive screening and CVD recovery monitoring
tool that can be used in a physician’s office or clinical setting,
providing early identification of subjects at risk for CAD, who
should have further testing.

5

Fig. 15 AUC dependence on Qs for b = 2 , 4 , 6; curve fit lines
shown only for trend purposes and do not represent actual
data points
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Limitations

Conclusions

A numerical simulation of the thermal response of a finger to
time-dependent blood flow rate was used to study the variations in
DTM signal in response to RH. In order to give a detailed description of the DTM signal, a model finger with elements to represent
bone, flesh, skin, and the major arteries and veins was constructed.
A porous media model for the flesh was used to simulate the
finger microvasculature. Known amounts of RH were then used as
inputs for the simulations of DTM tests. Typical simulated temperature distributions during DTM were presented and the relaTransactions of the ASME
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tionships of DTM signal characteristics to the physical elements
were established. Details of the DTM signal, such as temperature
fall rates during occlusion and time delays associated with conduction and perfusion, were discussed and found to be similar to
those observed in typical DTM responses in clinical situations.
DTM parameters used in current clinical practice were introduced and their relationships with Qs and b 共a result of RH兲 were
discussed. Among the DTM parameters, TR was found to be the
best predictive measure of RH. However, it was shown that finger
start temperature significantly affects the relationship between TR
and RH. Thus, both TR and start temperature should be used in
setting the criteria for identifying healthy patients. The results of
the simulations show that the DTM parameters of TR and Tss
together can be used to identify levels of RH with good sensitivity.
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