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Abstract—We have demonstrated a significant, directionally dependent, anisotropic, echogenicity from the cor-
tices of two sheep kidneys and a normal human cadaver kidney. The anisotropy corresponds to the relationship of
the sound field to the medullary rays and interlobular arteries. At 7.5 MHz, the backscatter from specimens of
cortex of a sheep kidney was 4.7 = .7 dB (mean + SEM) greater in parts of the cortex where the field was
perpendicular to these structures as opposed to where it was parallel to them. In addition, we measured the
angular distribution of this anisotropy and compared it to the 5 dB inclusion angle of the 5§ MHz linear array that
was used in measurements on the whole kidney specimens. The transducer inclusion angle was 10° + 2°, while
the angular distribution was 34° + 22° and 23° + 11° (mean + SD) for the intact sheep and human kidney,
respectively, demonstrating some variation of the medullary rays from perfect specular reflectors. This anisot-
ropy should be visible in standard diagnostic scanning, and its recognition could increase ultrasound’s sensitivity

for the detection of renal disease.
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INTRODUCTION

When diagnostic ultrasound scans are performed, a
standard assumption is made that reflections from an
organ are independent of the directions from which
they are scanned. For many organs, i.e. the liver, this
approximation is probably a good one (Fei and
Shung, 1985), but there are tissues from which the
echogenicity varies depending on their orientation
relative to the sound beam. This property, known as
anisotropy, has been observed in the heart, tendons,
and skeletal musculature (Fei and Shung, 1985;
Miller ez al., 1983; Mol and Breddels, 1982; Ophir et
al., 1982; Cady et al., 1983; Fornage, 1986; Fornage,
1987), and although diffraction patterns have been
studied in many tissues (Nicholas, 1977, 1979;
Chivers, 1981), a visually discernable anisotropic
backscatter has been alluded to, but never demon-
strated, in abdominal organs (Fei and Shung, 1985).

We have demonstrated a significant anisotropic
effect in reflections from the renal cortex of two sheep
kidneys and a normal human cadaver kidney. This
effect was quantified in one of the sheep kidneys
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using a specially designed acquisition system and tis-
sue characterization programs.

As gray scale imaging has continued to develop
and with the improved resolution of modern ultra-
sound scanners, ultrasound’s ability to detect renal
abnormalities has also increased. We suspect that the
recognition of this anisotropy will further aid in the
detection of renal pathology.

MATERIALS AND METHODS

Three specimens were scanned in vitro, includ-
ing two kidneys from freshly slaughtered sheep and a
kidney from a 19-year-old female with a ventricular
septal defect, pulmonic stenosis, and right ventricular
hypertrophy. The autopsy showed a congested but
otherwise normal kidney.

The specimens were scanned in normal saline on
sound absorbing material, cloth toweling or a pad of
butyl rubber. Imaging was performed using either 5
MH2z linear or sectored array scanheads (Acuson
128), or for the quantitative measurements, scanned
with a 7.5 MHz fixed focus transducer (ATL Mark
100). One of the sheep kidneys and the cadaver kid-
ney were scanned intact. The organs were scanned
sequentially in transverse planes using both multiple
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and single focal zones with the phased array trans-
ducers. The kidneys were then rotated 90° and re-
scanned in a similar manner. This rotation changed
the orientation of the renal architecture to the sound
field. The time-gain compensation (TGC) curve was
flattened to remove or at least standardize any varia-
tion in sensitivity with depth, and the curve was
identical before and after the rotation.

To further control for the effects of machine set-
tings, a homogeneous, isotropic cardiac phantom of
approximately the same cross-sectional dimensions
as a kidney was scanned in saline. The phantom was a
truncated cone with thick walls, approximating the
shape of a heart chamber in axial views. This phan-
tom had small scattering spheres embedded in it, and
it was composed of urethane rubber with a speed of
sound equal to and an attenuation coefficient and
backscatter coeflicient approximately equal to that of
soft tissue. Images of the phantom were compared to
those of the intact renal specimens to evaluate the
effects of overall gain and of focal zone, attenuation
and other possible changes in relative sensitivity
(Fig. 3).

The relative backscatter measurements were
performed on fresh sheep kidney at room tempera-
ture in normal saline using a 7.5 MHz scanhead on
the ATL Mark 100 ultrasound scanner. The trans-
ducer had a geometric focus at 2.1 cm with a range of
1-4 cm. Renal cortex was dissected out under normal
saline and glued to a butyl rubber support in a saline
scanning tank using cyanoacrylate. The butyl rubber
was in a cylindrical shape with a radius of curvature
of 4.5 cm. Tissue samples, typically 0.7 to 1 cm-thick
were scanned at a range of 2-3 cm from the trans-
ducer. A sample with the radial structures perpendic-
ular to the beam was placed beside a sample with
these structures parallel to the beam (Fig. 4).

The RF signal was digitized in real time at 25
MHz using a Precision Data Systems digitizer with
digital storage and control on a dedicated Nova 4X
minicomputer (Meyer et al., 1985). Regions for
backscattering analysis were selected in the tissues
with structures parallel and perpendicular to the
beam. In both tissues, the analysis regions began at
the same distance from the transducer and were of
equal axial length. Tissue regions were chosen such
that the amount of overlying tissue prior to the start
of the region was the same within 1 or 2 mm.

The envelope of each RF line was detected by the
Hilbert transform and a mean envelope was obtained
for each tissue orientation in the image. The mean
envelope from tissue with one orientation was sub-
tracted from that with the other. This resulting log-
relative backscatter as a function of depth was fitted
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to a straight line to correct for differences in attenua-
tion coefficient in the two tissue orientations. Rela-
tive backscatter was taken as the value in db of this
log-relative difference line at the start of the analyzed
sample volume. This method of taking the relative
backscatter differs from that described by O’Donnell
et al. (1979) in cardiac tissues, in that O’Donnell,
takes the mean relative backscatter throughout the
entire sample volume. With relatively thin tissue
samples, differences in the two methods should be
small (O’Donnell ef al., 1979).

Finally, to characterize more accurately the re-
ﬂ?ctors producing the anisotropy, the inclusion angle
of the region of increased echogenicity was measured
in both intact specimens. A standard goniometer was
used to measure the angle of the visually discernable
hyperechoic region directly from images of both kid-
neys made with the 5 MHz linear phased array scan-
head. Multiple measurements were made, 15 from
the sheep’s kidney and 29 from the cadaver kidney.
These were compared with the 5 dB inclusion angle
for a specular reflector using the 5 MHz linear array
probe with multiple focal zones.

RESULTS

Figures 1 and 2 demonstrate typical slices
through the intact sheep and human kidneys. There
are clearly demarcated areas of increased echogeni-
city in both kidneys where the cortex is perpendicular
to the sound field. After rotating each kidney 90°, the
areas of increased echogenicity changes, but the ori-
entation of the echogenic areas to the sound field does
not change (Figs. [ and 2).

A typical cross section through the cardiac
phantom showed generally uniform echogenicity
throughout except in the far field where there was a
fall off due to attenuation (Fig. 3). No anisotropy was
demonstrated. Further, no local areas of increased
echogenicity along lines corresponding to the ranges
of electronic focussing were seen (Fig. 3). Hence, the
observed increased echogenicity was not due to focal
zone effects.

The relative backscatter was determined for
scattq:f’ing perpendicular and parallel to the radially
oriented structures in dissected fragments of a sheep’s
kidney. Measurements on 18 different segments re-
vealed backscatter an average 4.7 dB higher when the
tissue structure is normal rather than parallel to the
ultrasound beam (Fig. 4). The standard error of the
mean of these 18 measurements was 0.7 dB. This is
probably a lower limit on the difference, since it was
not always possible to be oriented exactly perpendic-
ular to the radial tissue structures.
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(a)

(b)

Fig. 1. (a) Fresh sheep kidney scanned with multiple focal
zones using the 5 MHz linear array scanhead. There are
areas of increased echogenicity noted in the cortex at 3
o’clock and 9 o’clock corresponding to where the medullary
rays and interlobular arteries would be perpendicular to the
sound field. The two intersecting white lines define the in-
clusion angle that approximately inscribes the area of in-
creased echogenicity on the right-hand side of the cortex. A
similar angle was measured for the left-hand side as well,
producing two inclusion angles per image. (b) The same
sheep kidney imaged in 1(a) after having been rotated 90°.
Two new areas in the cortex are now perpendicular to the
sound field and are now hyperechoic (arrows).

The inclusion angles of increased cortical echo-
genicity in the intact sheep and human cadaver kid-
ney were 34° + 22° and 23° + 11° (mean = standard
deviation of the sample), respectively. The 5 dB in-
clusion angle for echoes from a flat surface with the 5
MHz linear array transducer was 10° + 2° (mean
+ standard deviation).

DISCUSSION

The clinical interpretation of echogenicity is the
benchmark for the diagnosis of renal disease. The

normal renal cortical echogenicity in adults is gener-
ally considered to be less than that of the normal liver
and the renal sinus (Rosenfield et al., 1980; Rosen-
field et al., 1978; Cook et al., 1977, Marchal et al.,
1986). Only in young infants is the echogenicity of
normal cortex equal to or greater than that of the liver
(Haller et al., 1982; Hricak et al., 1983; Cramer et al.,
1986). Otherwise, variations in the echogenicity of
the renal cortex suggest the presence of disease; par-
ticularly, a generalized increased echogenicity is a

(b)

Fig. 2. (a) Normal human cadaver kidney demonstrating
areas of increased echogenicity (arrows) in the cortex where
the medullary rays and interlobular arteries would lie per-
pendicular to the sound field similar to the sheep kidney.
The right-hand edge is brighter than the left, but both areas
are brighter than the intervening cortex. The bright echo on
the near surface of the kidney (hollow arrow) is a specular
reflection from the capsule and does not relate to the corti-
cal echogenicity. (b) Ninety-degree rotation again showing
hyperechoic areas along the left- and right-hand margins of
the cortex. These areas are different parts of the cortex than
those imaged in 2(a), but the relationship of the echogenic
areas to the sound field are the same as in 2(a). The near
field specular reflection is again noted (arrow).
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Fig. 3. Slice through a uniform cardiac phantom using the 5

MHz linear array demonstrating only progressive drop off

of the echogenicity in the far field due to attenuation. The

phantom is otherwise basically uniform. Note that no local

increases are demonstrated at the levels of best focus (sites

corresponding to the carets displayed along the left-hand
margin of the image).

nonspecific sign of diffuse pathology (Rosenfield et
al., 1980; Rosenfield and Siegel, 1981; Hricak et al.,
1982). Therefore, it is imperative to understand the
normal distribution of echoes in the renal cortex be-
fore making inferences about pathological condi-
tions. Cortical anisotropy is another property of renal

Fig. 4. 7.5 MHz scan of samples of cortex from a sheep’s
kidney lying side-by-side to determine their relative echo-
genicities. The two small blocks of cortex on the left la-
belled a and b are positioned so that their cortical structures
are oriented perpendicular to the sound field, while the
larger block (c) has its cortex aligned parallel to the field. A
truncated pie-shaped region (curved arrows) is seen sur-
rounding the samples. This area was digitized for analysis.
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tissue that is now recognizable and thus might prove
useful in the diagnosis of renal pathology by either its
presence or absence.

It is not surprising that there would be a signifi-
cant anisotropy visible in the renal cortex. The med-
ullary rays, which are composed of the collecting tu-
bules, the thick ascending limbs, and terminal
straight portions of the proximal convoluted tubules
are grossly visible as striations in the renal cortex per-
pendicular to the capsule (Fig. 5) (Hepinstall, 1974).
They are accompanied by interlobular arteries which
define the margins of the lobule. The intralobular
areas between the medullary rays and the interlobular
arteries are taken up mainly by glomeruli and proxi-
mal and distal convoluted tubules.

The medulla is composed of two zones: (1) the
inner zone or papilla, which contains collecting
ducts, their limbs, and loops of Henle and the vasa
recta, and (2) the outer zone of the medulla, which
has its own outer and inner zones: the outer zone
contains the terminal straight portions of the proxi-
mal convoluted tubules with the inner zone com-
posed of the thick ascending limbs and collecting tu-
bules (Hepinstall, 1974). Although these tubules are
directionally oriented toward the papillae, we could
not demonstrate any anisotropy or any relatively
strong backscatter in the medulla. This could be be-
cause these tubules tend to be thinner with flatter
epithelial cells than the tubules in the cortex. They,
therefore, could be too small to resolve and may
present too small a surface to produce a significant
reflection. The tubules also may be too tightly
packed, or too well matched in acoustic impedance
with their contents and other medullary tissues. Even

Fig. 5. A longitudinal anatomic section through a human

cadaver kidney demonstrates the prominent striations in

the renal cortex that correspond to the medullary rays.

These striations are clearly perpendicular to the renal cap-

sule and largely produce the anisotropy seen on the ultra-

sound images. (This image was reproduced with permission
from Heptinstall, 1974, p. 2.)
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if there were anisotropy of more than 2-3 dB in
backscatter from medullary tissues, it might not have
been detected here because of the shape and small
size of the medullary pyramids and the fact that the
surrounding tissues are more echogenic than the me-
duilla. 1t is difficult to know whether partial volume
effects are the cause of any differences in the echo-
genicity of the medullary pyramids in a given image.

The observation that the inclusion angles for the
kidneys are greater than for a flat reflector is to be
expected, since medullary rays with chains of glo-
meruli should not constitute specular reflectors. The
glomeruli are approximately spherical in shape with
diameters on the order of .1-.2 mm. Since the con-
centration of glomeruli in the cortices of the kidneys
of infants is higher than in adults (Haller et al., 1982;
Dunnill and Halley, 1973), the aniostropic effect
would be diminished. We have, in fact, observed this
in vivo.

As mentioned earlier, there have definitely been
other instances in which tissue anisotropies could be
demonstrated by ultrasound. The heart, tendons, and
skeletal musculature are well-described examples (Fei
and Shung, 1985; Milier ef al., 1983; Mol and Bred-
dels, 1982; Ophir et al., 1982; Cady et al., 1983; For-
nage, 1986; Fornage, 1987), and the recent demon-
stration of the orientationally dependent imaging of
nerve tracts in infant heads appears to be another
example of an ultrasonically visible tissue anisotropy
(Bowerman and DiPietro, 1987). In addition, it is of
importance to recognize significant anisotropic prop-
erties in tissue, since many of the tissue characteriza-
tion techniques now employed assume isotropic
backscatter and could be very adversely effected by
directionally dependent backscatter (Nicholas, 1977).

It is interesting to note that the approximately 5
dB anisotropy in echogenicity we demonstrated in
the renal cortex is almost exactly equal to the aniso-
tropic attenuation difference measured by Ophir ez
al. (1982) in the quadriceps femoris muscles of 10
normal volunteers. The significance of this associa-
tion, if any, will require further study.
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