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a group of heterogenous hereditary
diseases characterized by a decrease or a total absence of
synthesis of ␣- and/or ␤-globin chains composing the hemoglobin protein in red blood cells (RBCs) (29). They are classified according to the type of deficient globin chain as ␣- and
␤-thalassemia (30). In ␤-thalassemia, the severity of the pathophysiology depends on the level of ␤-globin chain deficiency,
which leads to an excess of ␣-globin chains (32). Consequently, thalassemic RBCs are hypochromic and microcytic
and have a shorter half-life, leading to anemia (9).
␤-Thalassemia is encountered worldwide, with a higher
incidence in the Mediterranean region, Africa, the Middle East,
India, and Southeast Asia (20). Three clinical phenotypes of
decreasing severity have been established: a transfusion-dependent state, thalassemia major, a moderate phenotype, thalassemia intermedia, and a benign heterozygous condition, thalas-
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semia minor. In severe cases, the disease can be fatal in utero
or in early childhood, if untreated. Clinical features, in addition
to the RBC anomalies, are heterogeneous, and patients display
several systemic manifestations.
Thromboembolic events such as pulmonary embolism,
stroke, and thrombosis of the arterial and venous vascular beds
are common complications reported in ␤-thalassemia major
patients (1, 8). Possible vasoocclusive causes have been investigated and involve mainly functional and morphological erythrocyte abnormalities (22, 28). Indeed, thalassemic RBCs display markedly reduced cellular deformability compared with
normal cells (23). In addition, erythrocytes from ␤-thalassemic
patients exhibit enhanced cellular adhesion to each other (4)
and to endothelial cells (10). A multifactorial chronic hypercoagulable state has also been widely recognized in thalassemic patients (7), and abnormalities of platelets and of the
coagulation system may conceivably contribute to circulatory
disorders. The exact underlying pathophysiology of these circulatory disorders remains to be documented.
The characterization of circulatory disorders per se in
␤-thalassemic patients is complicated by the various therapies
that are likely to hinder hemodynamic assessment. Alternatively, important insights could be gained from untreated
animal models. Several murine models of ␤-thalassemia have
been generated through spontaneous or genetically induced
mutations. One such model [Hbbd3(th)/d3(th)] has been shown to
closely reproduce hematological, pathological, and histological
features of ␤-thalassemia major (26). Although this mouse
model has existed for a long time, no previous studies on the
vascular physiology or on the in vivo circulatory disturbances
have been undertaken. One impediment to such progress has
been the absence of noninvasive approaches to characterize
blood flow. Herein we have thus established an ultrasound
imaging approach to quantitatively assess microcirculatory
disorders. In addition, we have investigated microcirculatory
disorders without the confounding effect of treatments in
␤-thalassemic [Hbbd3(th)/d3(th)] mice and determined that
␤-thalassemia can by itself lead to an impairment of vascular
hemodynamic properties.
METHODS

Mouse Strains
Experimental procedures were approved by the Institutional Animal Care Committees of the Clinical Research Institute of Montreal
and the University of Montreal Hospital Research Center, and they
were conducted in compliance with the guidelines of the Canadian
Council on Animal Care. Homozygous mice for a spontaneous mutation Hbbd3(th) were obtained by deletion of the murine ␤-major
globin gene in the globin diffuse haplotype, leaving the ␤-globin
minor gene intact (26). These homozygous ␤-thalassemic animals are
severely affected (26). The thalassemic mice used in this study were
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␤-Thalassemia is an inherited hematological disease caused by a
decrease or absence of production of ␤-globin that requires chronic
therapeutic interventions. This condition leads to important arterial
and venous thromboembolic events, transitory ischemic attacks, and
microcirculatory obstructions, indicative of circulatory disturbances.
To investigate the presence of microcirculatory disorders without the
confounding effect of treatments, we used ␤-thalassemic mice with
typical clinical characteristics of human ␤-thalassemia major. One
impediment to the understanding of microcirculatory physiology, in
particular for ␤-thalassemic mice, has been the lack of an appropriate
noninvasive imaging approach. We thus developed a novel noninvasive high-frequency ultrasound imaging method to evaluate murine
vascular hemodynamic properties. In our ␤-thalassemic mice, total
peripheral vascular resistance was significantly increased (P ⬍ 0.01)
compared with wildtype littermates, whereas mean blood pressure,
heart rate, and cardiac output were similar (P ⫽ nonsignificant).
Importantly, the vascular hemodynamics in ␤-thalassemic mice were
significantly affected according to the Pourcelot indexes measured in
the common carotid artery and abdominal aorta (P ⬍ 0.01 and P ⬍
0.05, respectively). Hence, our ␤-thalassemia characterization of vascular hemodynamics by noninvasive ultrasonic approaches proves the
existence and provides unique quantitative assessment of microcirculatory flow disturbances in those mice.

CIRCULATORY DISORDERS IN ␤-THALASSEMIC MICE

backcrossed for more than 16 generations onto C57BL/6J inbred mice
to have a homogenous background. Congenic C57BL/6J control
animals carry a globin single haplotype and were obtained from
Jackson Laboratories (Bar Harbor, ME). All mice were maintained in
microisolator cages.
Fetal Liver Transplantation

Animal Preparation
Seventeen male homo-␤thal mice and nineteen C57BL/6J agematched controls were studied. Mice were weighed and anesthetized
using an intraperitoneal injection of 0.015 ml/g 2,2,2-tribromoethanol,
2.5%. The lumbar body hair was removed using a commercial
depilatory cream (Nair, Church and Dwight, Princeton, NJ) applied
over the anterior chest and neck of each animal. Mice were then
placed on a warming platform under a heating lamp. The body
temperature was monitored using a rectal thermometer (THM100;
Indus Instruments, Houston, TX) and maintained to 37 ⫾ 1°C. ECG
electrodes on the platform supporting the mouse allowed us to
continuously monitor the heart rate (HR). An estimate of mean aortic
blood pressure (MBP) measurements was obtained using a tail-cuff
monitoring system (XBP-1000; Kent Scientific, Torrington, CT) (13).
Echographic Examinations
A high-resolution ultrasound biomicroscope (Vevo 660; Visualsonics, Toronto, ON, Canada) equipped with a single-element oscillating
transducer (central frequency of 35 MHz, focal length of 10 mm, and
frame rate of 30 Hz) was used. Lateral and axial resolutions for this
probe are ⬃115 and ⬃55 m, respectively (35). The axial dimension
of the sample volume in pulsed-wave Doppler mode was fixed to 0.3
mm for recordings in the common carotid artery and to 0.51 mm for
recordings in the ascending and abdominal aortas. Preheated ultrasound transmission gel (Aquasonic 100; Parker Laboratories, Orange,
NJ) was placed on the regions of interest to provide an acoustic
coupling medium between the probe and the animal.
The left common carotid artery and abdominal aorta were imaged
longitudinally by B-mode ultrasonography at 35 MHz, and the Doppler sample volume was positioned precisely into the vessel of interest
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to record the time-varying velocity waveforms for 2 s. The Doppler
recordings were performed at 30 MHz, 1–2 mm before the carotid
bifurcation and above the renal bifurcation, identified by imaging the
kidneys as reference.
The heart was imaged by using the B-mode parasternal long-axis
view. The M-mode sampling line was positioned perpendicular to the
ascending aorta at the exit of the left ventricle, and time-varying
tracings were recorded to follow changes in aortic diameters (AoD).
For Doppler recordings, the transducer was oriented to obtain an angle
below 60° between the ultrasound beam and the aortic arch. The
Doppler velocity waveforms were recorded in the ascending aorta by
positioning the sampling volume at the exact same location where the
M-mode tracings were obtained. An automatic angle correction provided by the instrument was applied to record quantitative velocity
measures.
Hemodynamic Variables Measured Noninvasively
Pourcelot index. Manual measurements using Matlab software
(version 6.5, Natick, MA) were made of the peak systolic velocity (S)
and of the end-diastolic velocity (D) in both common carotid artery
and abdominal aorta (see Fig. 3). The Pourcelot index (PI) was
calculated by use of the following formula (21)
PI ⫽ 共S ⫺ D兲/S
The mean PI value for each measurement was averaged over 10
consecutive cardiac cycles. A theoretical description of this index can
be found in the APPENDIX.
Stroke volume, cardiac output, and cardiac index. The AoD was
measured 0.5–1.5 mm downstream of the aortic valve in systole and
diastole. An average value was then calculated over five cardiac
cycles. The velocity-time integral (VTI) was determined by tracing
manually the envelope of the Doppler velocity waveforms measured
at the same location as AoD. VTI was averaged over 10 cardiac
cycles. With the assumption of parabolic velocity profiles, the stroke
volume (SV) was then calculated as follows
1
SV ⫽ 共AoD/2兲2 ⫻  ⫻ VTI
2
The assumption of parabolic velocity profiles, and therefore the
presence of 1/2 in the above equation, is justified, since the calculated
Womersley number (15) in the ascending aorta was 2.5 on average in
the present study. Because the measured Womersley number was
small, we can assume Poiseuille parabolic-like flow in the ascending
aorta of the studied mice. Moreover, velocity profiles have been
shown to be parabolic in ascending aortas of rats (6).
Cardiac output (CO) was deduced from SV by multiplying it by the
HR (CO ⫽ SV ⫻ HR). The cardiac index (CI) was finally calculated
by normalizing CO for body weight and was expressed in milliliters
per minute per gram of body weight (ml 䡠 min⫺1 䡠 g⫺1).
Total peripheral vascular resistance. Total peripheral vascular
resistance (TPVR) was calculated as
TPVR ⫽ MBP/CO ⬇ TCP/CO
where MBP and TCP are the mean aortic blood pressure and the
tail-cuff pressure, respectively. Because it has been shown that TCP is
similar to MBP in mice (13), TCP can be adequately used for the
estimation of TPVR. In the above equation, the postcapillary pressure
was neglected and assumed to be zero.
Variability Analyses
Intra- and interobserver and intersession variability analyses were
performed for the basic echographic measures AoD, VTI, and PI on a
subgroup of eight C57BL/6J mice. Intraobserver variability was
assessed on the same echographic images by a single observer
repeating the measurements on different days. The interobserver
www.physiolgenomics.org
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Because of the severe thalassemic phenotype, a limited number of
homozygous ␤-thalassemic mice were available at any one time. To
circumvent this problem, we generated homozygous ␤-thalassemic
fetuses (E14.5) from heterozygous ␤-thalassemic mating, and used
fresh fetal liver as donor cells for transplantation. Fetal liver cells were
obtained from three homozygous ␤-thalassemic fetal donors (C57BL/
6J) and resuspended in serum-free Iscove’s Modified Dulbecco’s
Medium (Gibco, Grand Island, NY). The C57BL/6J recipient mice
were exposed to 875 cGy of total body irradiation (Mark I-68A-1
Research Irradiator, San Francisco, CA), and 2 h later, they received
a total of 1.8 ⫻ 106 bone marrow cells suspended in a physiological
solution of 350 l injected into the tail vein. The transplanted mice
were monitored on a regular basis for hematopoietic engraftment from
4 to 25 wk post-fetal liver cell transfer. Evaluation of engraftment was
determined from peripheral blood on the basis of hemoglobin composition by the proportion of donor (Hb minor) and recipient (Hb
single) hemoglobin. This assay involved loading RBC lysates onto
cellulose acetate membranes (Titan III-H; Helena, Helena, CA) and
electrophoresing for 35 min at 300 V in a Tris-borate-EDTA buffer
(pH 8.5) using Helena equipment. Briefly, the protocol involved
membrane staining with Ponceau S (Helena), destaining for 5 min in
5% acetic acid and 10 min in 100% ethanol, and fixation for 5 min in
70% methanol and 30% acetic acid, followed by drying for 6 min at
55°C. Sole expression of hemoglobin minor in C57BL/6J recipient
mice demonstrated complete hematopoietic engraftment and confirmed production of homozygous ␤-thalassemic transplanted animals (homo-␤thal).
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variability was determined on the same echographic images by having
two observers within the same session performing these measurements.
Intra- and interobserver errors were calculated as the difference between
two measures divided by the mean and expressed as a percentage of
variability. For the intersession variability, the echographic examinations
were repeated on two different days at a 1-wk interval. Intersession
variability was calculated as (D1 ⫺ D7)/[(D1 ⫹ D7)/2], where D1 and D7
are two measurements performed by the same reader on the echographic images obtained in the sessions of the first and seventh days,
respectively.
Statistical Analyses
Data were averaged and reported as means ⫾ SE over n observations, where n represents the number of mice per group. Comparisons
of results from homo-␤thal and control mice were made by Student’s
unpaired t-tests. Statistical significance was considered at P ⬍ 0.05.
RESULTS

The homozygous ␤-thalassemic [Hbbd3(th)/d3(th)] mouse
model was deleted for both adult ␤-globin major genes but had
intact ␤-globin minor genes. Since a large population of
homozygous ␤-thalassemic mice could not be obtained because of poor breeding efficiency, a strategy was developed to
generate sufficient animal numbers. As described earlier, fetal
liver cell transplants from three homozygous ␤-thalassemic
mice were thus performed, conferring the entire spectrum of
hematological defects from thalassemic donors to fetal liver
recipients. Because recipients (Hb single) and donors (Hb
minor) express alternative forms of hemoglobin, RBC engraftment was verified through the exclusive presence of the donor
hemoglobin in recipient blood by 10 –25 wk posttransplant,
congruent with the clearance rate of normal murine RBCs.
Figure 1 depicts the hemoglobin phenotype of five representative recipients 17 wk following the transplant. As expected, all
transplanted animals produced strictly hemoglobin minor, the
donor cell hemoglobin, which revealed complete fetal liver
engraftment. Consistently, all transplanted mice were monitored for hematological parameters and showed severe anemia

Fig. 1. Analysis of engraftment of fetal liver transplanted mice. Red blood cell
hemoglobin levels in recipient mice were determined to evaluate engraftment
of donor Hbbd3(th)/d3(dth) fetal liver cells (Hb minor) at 10 wk following
transplantation. Protein electrophoresis of hemoglobin single from the globin
single haplotype has fastest migrating band, as indicated, whereas the hemoglobin major and minor from the diffuse haplotype migrate slower. By 14 wk,
recipients produced strictly hemoglobin minor, indicating a complete switch
from hemoglobin single production and thus complete hematopoietic engraftment. Blood from C57BL/6J⫻CBA/J F1 mice (F1) served as control for single
(Hb single) and diffuse (Hb major, Hb minor) haplotype. Homo-␤thal, homozygous ␤-thalassemic transplanted.
Physiol Genomics • VOL
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Parameter

Control (n ⫽ 19)

Homo␤-thal (n ⫽ 17)

P Value

Age, mo
Body wt, g
AoD, mm
VTI, cm
SV, ml/min

9.2⫾0.6
28.6⫾0.6
1.49⫾0.02
5.5⫾0.1
0.048⫾0.001

9.4⫾0.4
25.5⫾0.6
1.41⫾0.02
5.1⫾0.2
0.041⫾0.003

NS
⬍0.01
⬍0.05
NS
⬍0.01

Values are means ⫾ SE. Homo␤-thal, homozygous ␤-thalassemic transplanted; AoD, aortic diameter; VTI, velocity-time integral of the aortic velocity; SV, stroke volume; NS, not significant.

with a hematocrit that ranged from 27 to 34%, whereas the
hematocrit in normal mice of the same age was 49.0 ⫾ 1.3%.
Transplanted mice developed features identical to those of
donor mice and consistent with severe ␤-thalassemia major.
At the time of echographic examinations, homo-␤thal mice
were 9.4 ⫾ 0.4 mo old (n ⫽ 17), and, as seen in Table 1, they were
age matched to wildtype (WT) controls (9.2 ⫾ 0.7 mo; n ⫽ 19).
Although all mice were of similar age, body weight was
significantly decreased by ⬃10% (P ⬍ 0.01) in ␤-thalassemic
animals (25.5 ⫾ 0.6 g) relative to WT controls (28.6 ⫾ 0.6 g), as
frequently observed in humans with ␤-thalassemia major (5, 31).
Because ultrasound scans are difficult to accomplish in
conscious mice, we resorted to general anesthesia despite its
impact on cardiac function and hemodynamics (11, 34). However, we have limited the influence of anesthesia in our study
by administering only the minimal dose granting a sufficient
time period to perform echographic examinations. The comparisons between the two groups of mice were done under the
same anesthetic regimen to avoid confounding effects.
Increase of Global Vascular Resistance in
␤-Thalassemic Mice
To investigate blood flow hemodynamics in ␤-thalassemia,
systemic cardiovascular parameters were examined in untreated homo-␤thal mice presenting features similar to those
observed in ␤-thalassemia major patients. Although the MBP
was slightly higher in homo-␤thal mice (84.7 ⫾ 3.9 mmHg)
compared with WT mice (79.5 ⫾ 3.6 mmHg), there was no
statistical difference between the two groups (P ⫽ 0.34, Fig.
2A). HR was determined from the ECG (Fig. 2B) and was also
comparable between groups (483.7 ⫾ 12.7 vs. 467.7 ⫾ 7.5
beats/min, P ⫽ 0.27). SV was 41 ⫾ 3 and 48 ⫾ 1 l for
homo-␤thal and control mice, respectively (P ⬍ 0.05). The
lower SV in homo-␤thal mice likely results from their smaller
body size, since SV values were similar when normalized to
body weight (P ⫽ 0.07). The CO and CI were not statistically
different (P ⫽ 0.07 and P ⫽ 0.83, respectively) in both groups.
As indicated in Fig. 2C, CI was 0.77 ⫾ 0.05 ml 䡠min⫺1 䡠g⫺1 in
homo-␤thal mice compared with 0.79 ⫾ 0.02 ml䡠min⫺1 䡠g⫺1
in control mice. A significant increase of TPVR (Fig. 2D), by
30% (P ⬍ 0.01), was found in homo-␤thal mice (4.65 ⫾ 0.37
mmHg䡠min 䡠ml⫺1) compared with WT controls (3.58 ⫾ 0.14
mmHg 䡠min䡠ml⫺1), which confirms general vascular blood
flow anomalies in the ␤-thalassemic group.
Impairment of Vascular Properties in Homo-␤thal Mice
Because ␤-thalassemic mice showed systemic circulatory
disorders (according to TPVR), specific circulatory effects
www.physiolgenomics.org
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Table 1. Physiological and echographic parameters
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Fig. 2. Tail-cuff blood pressure (TCP, mmHg; A), heart
rate (HR, beat/min; B), normalized cardiac output (CI,
ml 䡠 min⫺1 䡠 g⫺1; C), and total peripheral vascular resistance (TPVR, mmHg 䡠 min 䡠 ml⫺1; D) in homo-␤thal (n ⫽
17, hatched bars) and control (n ⫽ 19, open bars) mice.
Data are means ⫾ SE. *P ⬍ 0.01.
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PI Measurements Are Reproducible with Low
Interpretive Variabilities
To validate the noninvasive echographic approaches reported in this study, the reproducibility of most measures was
verified by computing the intra- and interobserver and intersession variabilities. As indicated in Table 2, the largest vari-

Fig. 3. Doppler display of common carotid artery velocity waveforms of a
wildtype mouse showing the systolic (S) and end-diastolic (D) velocities.
Three cardiac cycles are displayed.
www.physiolgenomics.org
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were further investigated by Doppler ultrasonography. Two
different and complementary sites were selected to evaluate
vascular properties: the carotid artery feeding the brain and the
abdominal aorta irrigating major organs and the lower limbs.
The rationale for selecting the left common carotid relied on
the fact that cerebral thromboembolic events have been documented in ␤-thalassemic patients (1, 7). The abdominal aorta
was also chosen because it is easily accessible and it is the
main supplier of blood flow to numerous organs and tissues,
including the kidneys, where anomalies were described in
humans (1).
PI was calculated as is done for human radiology scans.
Using the ultrasound biomicroscope, we measured the Doppler
peak systolic and end-diastolic velocities (as in Fig. 3) to
derive PI in the carotid artery and abdominal aorta. The
diameter of both vessels was large enough to allow accurate
and reproducible localization of the Doppler recording sites, as
shown by the white arrow in Fig. 4A for the smallest vessel
investigated in this study (the carotid). As reported in Fig. 5, PI
was significantly higher in the homo-␤thal group for both
vessels. In the common carotid artery, PI was 0.867 ⫾ 0.007
(no units) in homo-␤thal mice compared with 0.832 ⫾ 0.007 in
control mice (P ⬍ 0.01), whereas those values were 0.822 ⫾
0.012 in homo-␤thal and 0.792 ⫾ 0.008 in control mice for the
abdominal aorta (P ⬍ 0.05). This increase of PI in the
␤-thalassemic group was directly related to a decrease in
diastolic blood flow velocity, as shown in Fig. 4, B and C.
These results suggest that the homo-␤thal mice had impaired vascular properties in the neck vessels, abdomen, and
lower limbs.
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ability was observed for VTI, but it did not exceed 10% even
when evaluated by different observers. The intra- and interobserver absolute errors for CO and TPVR were low at 2.8 ⫾
4.0% and 1.0 ⫾ 5.0%, respectively. Noticeably, intra- and
interobserver variabilities on PI were ⬍1%. Similarly, for the
intersession variability assessment reported in Table 3, all
measurements were quite reproducible when performed at an
interval of 1 wk. Of all measures, CO (⫺11.1 ⫾ 6.2%) and
TPVR (12.6 ⫾ 8.2%) appeared the most variable. By contrast,
even when performed on different recording sessions, PI measurements were highly reproducible with an error of 1.7 ⫾
1.8% for the carotid artery and 2.1 ⫾ 2.6% for the abdominal
aorta. Of all noninvasive variables used to assess hemodynamic impairments in homo-␤thal mice, PI was the most
reliable.
DISCUSSION

The purpose of this study was to investigate the presence of
blood flow abnormalities in the peripheral circulation of

␤-thalassemic mice, with a secondary objective of developing
noninvasive imaging tools for the assessment of cardiovascular
disorders. Using a novel ultrasound diagnostic approach, we
have demonstrated circulatory flow disorders in homo-␤thal
mice.
Herein, we produced homo-␤thal mice that displayed a
phenotype typical of human ␤-thalassemia major, with a pronounced ␤- to ␣-globin chain imbalance, for hemodynamic
analysis. While no difference was noted in standard cardiovascular parameters such as the cardiac index, heart rate and mean
blood pressure, significant blood flow changes were obtained
in homo-␤thal animals by measuring the total peripheral vascular resistance. Such flow alterations in homo-␤thal mice
were also observed on local flow waveforms, as determined by
the PI. In human, PI derived from the Doppler waveform is a
well-recognized parameter for the assessment of vascular hemodynamics. Hence, this study proposed a novel use of this
parameter for the noninvasive evaluation of cardiovascular
physiology in mice. The high-frequency ultrasound biomicroscope allowed accurate and reproducible Doppler flow velocity
measurements in all animals and overcame the limitations of
Table 2. Intra- and interobserver variabilities of
echographic measurements
Parameter

AoD, mm
VTI, cm
CO, ml/min
TPVR, mmHg 䡠 min 䡠 ml⫺1
PI (no units)
Carotid artery
Abdominal aorta

Fig. 5. Doppler Pourcelot indexes (PI, no units) in the common carotid artery
and abdominal aorta of homo-␤thal (n ⫽ 17, shaded bars) and control (n ⫽ 19,
open bars) mice. Data are means ⫾ SE. *P ⬍ 0.05; **P ⬍ 0.01.
Physiol Genomics • VOL
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Intraobserver
Variability, %

Interobserver
Variability, %

0.7⫾0.5
⫺4.3⫾1.4
2.8⫾4.0
⫺2.8⫾4.0

⫺0.2⫾0.5
⫺8.1⫾0.9
⫺1.0⫾5.0
1.0⫾5.0

0.3⫾0.2
⫺0.2⫾0.3

0.7⫾0.4
0.9⫾0.3

Values are means ⫾ SE; n ⫽ 8 wildtype control mice. Intra- and interobserver variabilities were calculated as the difference of 2 measures performed
on the same image divided by the mean of those 2 measurements expressed as
a percentage. CO, cardiac output; TPVR, total peripheral vascular resistance;
PI, Pourcelot index.
www.physiolgenomics.org
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Fig. 4. Ultrasonographic imaging of the carotid artery. A: B-mode image showing the common carotid artery (CC) and the internal (IC) and external (EC) carotid
arteries in longitudinal view. The Doppler sample volume (white arrow) is positioned within the CC artery before the bifurcation. B and C: Doppler flow velocity
waveforms recorded in the CC artery of a ␤-thalassemic mouse (B) and same measures in a wildtype control mouse (C). D, end-diastolic velocity (white line).

CIRCULATORY DISORDERS IN ␤-THALASSEMIC MICE

Table 3. Intersession variability of the
echographic parameters
Parameter

% of Error

AoD, mm
VTI, cm
CO, ml/min
TPVR, mmHg 䡠 min 䡠 ml⫺1
PI (no units)
Carotid artery
Abdominal aorta

⫺5.4⫾2.3
6.7⫾4.7
⫺11.1⫾6.2
12.6⫾8.2
1.7⫾1.8
2.1⫾2.6

Values are means ⫾ SE; n ⫽ 8 wildtype control mice. Intersession
variability errors were calculated as the difference between the measurements
performed by the same reader on the images obtained during 2 different
scanning sessions separated by a 7-day interval.
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ing of blood in the macro- and microcirculation (24). In our
homo-␤thal mice, the increase in vascular resistance potentially results from alterations of the endothelium of blood
vessels, a critical regulator of the vascular tone. The altered
membrane composition of erythrocytes affecting their function, due to the precipitation of excess ␣-globin chains, may
have also resulted in enhanced adherence of RBCs to endothelial cells and abnormal RBC aggregation increasing blood
viscosity. Consequently, thromboembolic complications, as
reported in ␤-thalassemic patients (14, 23, 25), may explain the
increased flow resistance in pathological ␤-thalassemic mice.
In summary, we have demonstrated the feasibility of performing noninvasive measurements of vascular hemodynamic
properties by high-frequency ultrasonography in mice. Our
results also showed, for the first time, in vivo evidence of flow
disorders in ␤-thalassemic mice. The imaging approach, as
developed in this study, will open the field of noninvasive
circulatory investigation to additional mouse models and to
dissection of the contribution of molecular and cellular modulators of flow. Importantly, our findings will not only be very
pertinent for assessing vascular pathophysiology phenotype but
also will provide crucial criteria for evaluating genetic treatment efficiency in ␤-thalassemia and other diseases impairing
the flow of blood.
APPENDIX

PI: Theoretical Background
The PI is a dimensionless echographic parameter commonly used
to characterize vascular hemodynamics downstream of an artery. PI
depends on both the arterial compliance (C) and downstream vascular
resistance (R) (3). It still remains unknown how these two variables
mathematically relate to PI. A simple dimensional analysis may,
however, help to better understand how PI varies with vascular
parameters.
The arterial flow waveform is mainly characterized by the cardiac
period (T), the mean flow rate, the arterial cross-sectional area, the
blood density and viscosity, the pulse wave velocity along the artery,
the wave reflection at bifurcations and at sites of vessel caliber
changes, and parameters R and C. The pulse wave velocity is affected
by C and the blood density (16). On the other hand, the wave
reflection depends on the cross-sectional area and pulse wave velocity
(12). In addition, with the assumption that mean flow rate, arterial
cross-sectional area, blood density, and viscosity have fixed values in
a given animal, the ⌸-theorem (27) allows one to write PI as a
function of R ⫻ C ⫼ T. The product R ⫻ C is the diastolic decay time,
and it characterizes the rate at which pressure inside an artery decays
during diastole. This parameter reflects the mechanical behavior of the
vascular tree, and it has been used in both animals and patients (18,
33). The lower the PI and the higher the diastolic decay time, then,
physiologically, the better the mechanical vascular property.
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clinical ultrasound scanners (having a much lower spatial
resolution and a larger probe head).
When compared with the total peripheral vascular resistance, PI provides alternative information on systemic hemodynamics and presents major advantages. Indeed, PI is highly
reproducible and is more time efficient. Thus PI has considerable appeal as a means to evaluate noninvasively vascular
impairment in mice. We showed from the pi (⌸)-theorem that
PI is mainly related to the diastolic decay time measured at a
specific location along the vascular tree. It should be noted that
the ⌸-theorem is unable to provide a complete theoretical
description of PI. According to the theoretical background
provided in the APPENDIX, one can just state that PI is governed
by the diastolic decay time normalized by the cardiac period
when some physiological parameters such as the blood density
and the cross-sectional area of the vessel are given. A more
complete theoretical analysis is not straightforward and would
require a series of numerical or analytical simulations in a
complex model of the blood circulation. In this study, because
the heart rate did not significantly differ from one group to
another, we can only assert that PI was related to the so-called
diastolic decay time (in a linear way or not) for measurements
in the ascending aorta and carotid artery. The diastolic decay
time can be defined as the product of the local arterial compliance by the downstream vascular resistance, as in the Windkessel model. However, we cannot confirm this if one considers the numerous limitations of this last model (17).
An interesting finding was the fact that PI varied with the
site of measurement. This was predictable, since, besides
resistance and compliance, it is highly dependent on the crosssectional area of the vascular bed downstream of the site of
examination (2). Surprisingly, when compared with human
physiology, we observed higher values of PI in the carotid
(brain vascular network) than in the abdominal aorta (renal,
abdominal, and lower limb vascular network) of mice. Because
the flow waveform changes along the abdominal aorta, we
noted that a small variation in the site of measurement could
lead to high differences in PI values. Therefore, we defined,
using B-mode imaging, a precise localization of the Doppler
sample volume, just above the renal bifurcations, to ensure
reproducible measurements.
An increase in vascular resistance to blood flow should
theoretically be primarily determined by direct changes in
arteriolar diameters (19) and by alterations of the normal
erythrocyte function, which is essential for the adequate flow-
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