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  Spectral waveform analysis of blood flow velocity in the 

major arteries of six healthy, conscious immature micropigs 

was determined using Doppler ultrasonography. Doppler 

spectral tracings were recorded from the external iliac 

artery, femoral artery, and renal arcuate artery. Tracings 

were also taken from three parts of the common carotid 

artery and two parts of the abdominal aorta. Spectral 

Doppler parameters included peak systolic velocity, early 

diastolic velocity, peak systolic velocity-to-end diastolic 

velocity ratio, resistive index, and pulsatility index. In 

addition, the diameter of major arteries and indirect blood 

pressure were measured. These results from spectral 

Doppler analysis in major arteries may be useful as 

reference ranges in the future studies of vascular 

hemodynamics in immature micropigs.
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Introduction 

Micropigs are considered as the optimal transplant donor 
animals because their organs have a similar anatomy and 
physiology to human organs [5,12]. Therefore, the selection 
of the normal healthy micropigs and the survey of vessels 
supplying the organs for transplantation are important. 
However, there are no baseline studies on the Doppler flow 
velocity parameters and waveform pattern in the major 
arteries of the micropigs. 

Spectral waveform analysis of blood flow by Doppler 
ultrasonography is a simple and noninvasive method to 
investigate blood hemodynamics [1,3,8]. The evaluation 
of blood flow velocity with spectral waveform analysis by 
Doppler ultrasonography becomes the most routine and 
useful technique in many vascular diseases in humans and 

animals [2-4,6-9,13-15].
The purpose of this study is to determine the baseline 

blood flow values of the major arteries in immature 
micropigs using spectral analysis of Doppler ultrasound. 
For this, we determined the peak systolic velocity (PSV), 
early diastolic velocity (EDV), peak systolic velocity-to- 
end diastolic velocity (S:D) ratio, resistive index (RI), and 
pulsatility index (PI), and evaluated blood flow waveform 
patterns in the major arteries of normal conscious 
immature micropigs.

Materials and Methods

Experimental animals
Six healthy micropigs (4-month-old male; PWG Genetics 

Korea, Korea) were used in this study. Before Doppler 
ultrasonography, all micropigs were fasted for 24 h to 
reduce abdominal pressure and ultrasound artifacts from 
ingesta and feces in their gastrointestinal tracts. Water was 
supplied ad libitum.

Blood pressure was recorded indirectly using Vet-Dop 
Doppler (Vmed Technology, USA). Recordings in the left 
dorsal pedal artery were taken as an average of three time 
measurements at five-minute intervals under stable and 
conscious state just prior to the Doppler examination. 

Doppler ultrasound
Doppler ultrasonography was performed using a 5-12 

multifrequency linear-array transducer (SonoAce 9900; 
Medison, Korea). Each micropig was placed in dorsal or 
right oblique lateral recumbency under conscious state 
without anesthesia. The probe was smoothly positioned 
without compression on the clipped skin over the neck and 
abdomen to prevent the introduction of artificial errors in 
vascular resistance. With initial two-dimensional gray-scale 
images and color Doppler mapping, arteries of interest 
were identified. Pulsed-wave Doppler examinations were 
performed on the longitudinal sections of imaged arteries. 
The size of the sample volume was set at 2 mm and 
positioned in the center of the vessel by the maximum 
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Arteries PSV (cm/sec) EDV (cm/sec) S:D ratio RI PI

Cranial part of common carotid a.
Middle part of common carotid a.
Caudal part of common carotid a.
Cranial part of abdominal aorta
Caudal part of abdominal aorta
External iliac a.
Femoral a.
Renal arcuate a.

97.94 ± 14.04
107.56 ± 11.97
97.87 ± 13.58
95.65 ± 17.62

107.55 ± 19.45
85.52 ± 10.01*
93.84 ± 14.35
53.92 ± 7.25*

25.25 ± 6.97
28.28 ± 7.43
21.25 ± 5.36
20.04 ± 5.66
22.62 ± 7.53
27.79 ± 5.72
18.85 ± 4.03*
22.57 ± 4.15*

4.14 ± 1.30
3.99 ± 0.85
4.92 ± 1.56
5.61 ± 1.22
4.50 ± 1.03
5.79 ± 2.25
4.77 ± 1.39
2.43 ± 0.31*

0.74 ± 0.06
0.74 ± 0.05
0.76 ± 0.07
0.78 ± 0.06
0.80 ± 0.05
0.81 ± 0.03
0.79 ± 0.03
0.58 ± 0.05*

1.47 ± 0.26
1.51 ± 0.27
1.71 ± 0.35
1.95 ± 0.28
1.77 ± 0.36
2.06 ± 0.24
1.82 ± 0.24
0.88 ± 0.11*

PSV: peak systolic velocity, EDV: early diastolic velocity, S:D ratio: systolic velocity vs. end diastolic velocity, RI: resistive index, PI: 
pulsatility index. *Significant difference within the columns (p ＜ 0.05). All data is presented as means ± SD.

Table 1. Spectral Doppler parameters in 4-month-old micropigs

velocity method using a small sample volume (approximately 
half of the diameter of the vessel) [6]. The angle of insonation 
was set at the lowest possible angle under 60 degrees to 
gain the closest estimation of velocity [1,8,10]. Three distinct 
pulsed wave spectral tracings containing three consecutive 
cardiac cycles were recorded.

Spectral Doppler tracings were recorded from the 
representative waveform in the common carotid artery, 
abdominal aorta, external iliac artery, femoral artery, and 
renal arcuate artery. The common carotid artery was 
imaged along the long axis of the mildly extended neck in 
dorsal recumbency, and three parts, cranial, middle, and 
caudal, were evaluated. The cranial part of the common 
carotid artery was measured caudal to the bifurcation of the 
internal carotid artery in the cranial deep aspect of the 
jugular groove. As the caudal part of the common carotid 
artery, the sample volume was located cranial to the 
thoracic inlet. The middle part of the common carotid 
artery was evaluated between the cranial and caudal part of 
the common carotid artery. The abdominal aorta was 
evaluated in two parts approximately 2 cm cranial and 
caudal to the left renal artery in the right oblique lateral 
recumbency. The left renal arcuate artery, external iliac 
artery and femoral artery were selected and traced in the 
dorsal recumbency with the mild right oblique rotation 
because the left side arteries are easier to approach than the 
right side for the right handed operator. 

Spectral Doppler parameters include PSV, EDV, S:D 
ratio, RI (peak systolic frequency shift - lowest diastolic 
frequency shift / peak systolic frequency shift), PI (peak 
systolic velocity - minimum diastolic velocity / mean 
velocity), and Doppler waveform pattern. The diameters of 
the major arteries except the renal arcuate artery were also 
determined.

The spectral Doppler analysis and the diameter measurements 
were repeated three times in the same recording sites of 
each artery under the same scan conditions. 

Data analysis 
Statistical analysis was performed using the SPSS 

statistical computer program (version 12.0; SPSS, USA). 
One way ANOVA (post hoc scheffe) was used to compare 
the velocities among the vessels. Results were considered 
statistically significant when the p value was less than 0.05.

Results

PSVs of the cranial, middle, and caudal parts of the common 
carotid artery, cranial and caudal parts of the abdominal 
aorta, external iliac artery, femoral artery, and renal arcuate 
artery were 97.97 ± 14.04, 107.56 ± 11.97, 97.87 ± 13.58, 
95.65 ± 17.62, 107.55 ± 19.45, 85.52 ± 10.01, 93.84 ± 14.35, 
and 53.92 ± 7.25 cm/sec, respectively (Table 1). The PSV 
of renal arcuate artery was significantly lower than the other 
arteries (p ＜ 0.05). The PSV of external iliac artery showed 
a significantly lower value than the common carotid artery 
or abdominal aorta (p ＜ 0.05). There were no significant 
differences observed among the three parts of common 
carotid artery and the two abdominal aorta parts. 

EDVs of the cranial, middle, and caudal parts of the 
common carotid artery, cranial and caudal parts of the 
abdominal aorta, external iliac artery, femoral artery, and 
renal arcuate artery were 25.25 ± 6.97, 28.28 ± 7.43, 21.25 
± 5.36, 20.04 ± 5.66, 22.62 ± 7.53, 27.79 ± 5.72, 18.85 ± 
4.03, and 22.57 ± 4.15 cm/sec, respectively (Table 1). The 
lowest EDV was observed in the femoral artery, which was 
significantly lower than the external iliac artery (p ＜ 
0.05). There were no significant differences observed 
among the three parts of common carotid artery and the 
two parts of abdominal aorta.

The S:D ratios of the cranial, middle, and caudal parts of 
the common carotid artery, cranial and caudal parts of the 
abdominal aorta, external iliac artery, femoral artery, and 
renal arcuate artery were 4.14 ± 1.30, 3.99 ± 0.85, 4.92 ± 
1.56, 5.61 ± 1.22, 4.50 ± 1.03, 5.79 ± 2.25, 4.77 ± 1.39, and 
2.43 ± 0.31, respectively (Table 1). The S:D ratio of renal 
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Fig. 1. Representative pulsed wave Doppler spectral waveform pattern for the common carotid artery (A), abdominal aorta (B), external
iliac artery (C), femoral artery (D), and renal arcuate artery (E). The scale to the right of the image is in increments of 10 cm/sec.

arcuate artery was significantly lower than the other 
arteries (p ＜ 0.05). There were no significant differences 
observed among other measured arteries. 

The RIs of the cranial, middle, and caudal parts of the 
common carotid artery, cranial and caudal parts of the 
abdominal aorta, external iliac artery, femoral artery, and 
renal arcuate artery were 0.74 ± 0.06, 0.74 ± 0.05, 0.76 ± 

0.07, 0.78 ± 0.06, 0.80 ± 0.05, 0.81 ± 0.03, 0.79 ± 0.03, and 
0.58 ± 0.05, respectively (Table 1). The RI of renal arcuate 
artery was significantly lower than the other arteries (p ＜ 
0.05). There were no significant differences observed 
among other measured arteries.

The PIs of the cranial, middle, and caudal parts of the 
common carotid artery, cranial and caudal parts of the 
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Arteries Diameter (cm) Range (cm)

Cranial part of common carotid a.
Middle part of common carotid a.
Caudal part of common carotid a.
Cranial part of abdominal aorta
Caudal part of abdominal aorta
External iliac a.
Femoral a.
Renal arcuate a.

0.42 ± 0.06
0.42 ± 0.04
0.51 ± 0.02
0.75 ± 0.07
0.73 ± 0.03
0.43 ± 0.06
0.32 ± 0.04

ND

0.35 - 0.50
0.39 - 0.49
0.48 - 0.53
0.67 - 0.85
0.67 - 0.78
0.30 - 0.54
0.27 - 0.37

ND

All data is presented as means ±SD. ND: non-detected.

Table 2. Diameter of the major arteries in micropigs 

abdominal aorta, external iliac artery, femoral artery, and 
renal arcuate artery were 1.47 ± 0.26, 1.51 ± 0.27, 1.71 ± 
0.35, 1.95 ± 0.28, 1.77 ± 0.36, 2.06 ± 0.24, 1.82 ± 0.24, and 
0.88 ± 0.11, respectively (Table 1). The PI of renal arcuate 
artery had the lowest result compared to the other 
measured arteries (p ＜ 0.05). There were no significant 
differences observed among other measured arteries.

All arteries presented a plug velocity profile and high 
resistance flow patterns except the renal arcuate artery, 
which had a parabolic velocity profile and low resistance 
flow pattern (Fig. 1). 

The diameters of the major arteries are shown in Table 2. 
The size order from largest to smallest was the two parts of 
the aorta, caudal part of common carotid artery, external 
iliac artery, cranial and middle parts of common carotid 
artery, and femoral artery. The renal arcuate artery is so tiny 
that ultrasound could not measure the diameter.

Systolic blood pressure, diastolic blood pressure, and mean 
arterial pressure by an indirect blood pressure monitor 
were 107 ± 9, 62 ± 20, and 74 ± 17 mmHg, respectively.

Discussion

Doppler ultrasonography and spectral waveform analysis 
has previously been used to assess both anatomic and 
dynamic information of blood flow in various vascular 
diseases [2-4,6,9,13-15].

This is due to each vessel having its specific Doppler 
signature, and the physiological and pathological changes 
of the vessels can be recognized by the evaluation of the 
Doppler spectrum [3,10,14]. Pulsed wave Doppler is used 
to identify vessel and assess the direction, velocity and 
pattern of blood flow. The common indices include PSV, 
EDV, S:D ratio, RI, and PI. In particular, the knowledge of 
PSV threshold is the most useful parameter for vascular 
stenotic diseases [2,4,11,14,15].

During ultrasonographic examination of the common 
carotid artery, it was necessary to extend the neck because 
of its short length and the large volume of fat in the 

micropig neck scanning region, although there would be 
mild artificial changes of blood flow spectrum. From the 
caudal to the cranial part, the common carotid artery of pigs 
separate into the right and left artery near the thoracic inlet, 
ascend along the medial aspect of internal jugular vein, and 
terminates into the internal carotid, lingual, and external 
carotid arteries in the cranial deep aspect of the jugular 
groove [12]. However, there were no significant differences 
observed among the three parts of common carotid artery 
in all blood flow velocity parameters and waveform 
pattern. 

To scan the abdominal aorta, the transducer was placed on 
the caudodorsal part of the abdomen in the right oblique 
lateral recumbency. Micropigs had intestines filled with 
gas and ingesta in spite of fasting because of their unique, 
coiling intestinal structures [12]. Therefore, the renal 
artery was used as an only reference point to separate into 
the cranial and caudal parts of the abdominal aorta. The 
two parts of the abdominal aorta showed no significant 
differences in all blood flow velocity parameters and 
waveform pattern (p ＞ 0.05).

The external iliac artery arises from the abdominal aorta, 
ventral to the last lumbar vertebra. It passes caudolaterally 
along the medial face of the iliopsoas muscle and courses 
along the deep face of the sartorius muscle ventrocaudally 
through the femoral ring [12]. This external iliac artery 
continues to the femoral artery, which crosses the medial 
surface of the femur [12]. The external iliac and femoral 
arteries were easy to trace on B-mode ultrasound. 
However, the Doppler angle needed to be maintained at 
almost 60 degrees because of the superficial location of 
both arteries. The femoral artery was evaluated in the 
region caudal to the femoral ring to minimize the Doppler 
angle. The lowest PSV was recorded in the external iliac 
artery and the lowest EDV was observed in the femoral 
artery compared to other arteries measured except the renal 
arcuate artery in this study.

All major arteries, including common carotid, abdominal 
aorta, external iliac, and femoral, showed plug flow 
velocity profiles with a narrow range of frequencies/ 
velocities. These waveforms had high pulsatility and high 
resistance flow patterns with one sharp systolic peak, large 
and clear spectral windows, and a narrow velocity 
distribution. These results are similar to previous human 
and other animal studies [2,7,8,10] because all measured 
arteries are major large arteries.

The PSV, S:D ratio, RI, and PI of the left renal arcuate 
artery showed the lowest values compared to other arteries 
in this study (p ＜ 0.05). And the renal arcuate artery 
showed a parabolic velocity profile with a wide range of 
frequencies/velocities, low pulsatility, low-resistance flow 
with broad and continuous systolic peaks, a gradually 
decreasing velocity, and continuous high velocity flow in 
diastole as previous study [1,3,8]. This waveform is found 
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in arteries of the solid organs, in particular, the kidneys, 
testes and prostate. The low resistance waveform has a 
characteristic of continuing high flow during diastole, 
which is 20-50 percent of the peak systolic velocity [3]. 
The ratio of systolic to diastolic flow may be useful 
measurable parameter in this waveform. In this study, the 
diastolic velocity of renal arcuate artery was about 41 
percent of the peak systolic velocity and showed the lowest 
S:D ratio. 

This study investigated blood velocity parameters of 
major arteries in the normal conscious immature micropigs 
using Doppler ultrasonography. The number of micropigs 
is a study limitation and further study is necessary to 
compare these data with another age group or other 
species. However, the results of this study may be useful as 
a baseline data for future investigations, including vascular 
disease models and transplantation of organs.
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