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Peripheral arterial disease (PAD) is common in elderly patients. Lower-extremity CT angiography (LE-CTA)
can be useful for detecting PAD and planning its treatment. PAD can also be accurately evaluated on re-
constructed monoenergetic images (MEls) from low kiloelectron volt (keV) to high keV images using dual-
energy CT. Low keV images generally provide higher contrast than high keV images but also feature more
severe image noise. The noise-reduced virtual MEI reconstruction algorithm, called the Mono+ tech-
nique, was recently introduced to overcome such image noise. Therefore, this pictorial review aimed to
present the imaging findings of PAD on LE-CTA and compare low and high keV images with those sub-
jected to the Mono+ technique. We found that, in many cases, the overall and segmental image qualities

were better and metal artifacts and venous contamination were decreased in the high keVimages.
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INTRODUCTION

Peripheral arterial disease (PAD) is common in elderly patients and is one of the main
causes of atherosclerotic cardiovascular morbidity (1). Lower extremity CT angiography (LE-

CTA) can be useful for detecting PAD, evaluating the severity of atherosclerosis, and planning

Fig. 1. Example of dual-energy CT protocol for lower-extremity CT angiography using SOMAOM FLASH or
SOMATOM Force, Siemens Healthineers.
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Fig. 2. Monoenergetic image plus technique.
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Fig. 3. Lower-extremity CT angiography images using the MEI plus technique of a 75-year-old male with peripheral arterial disease (body
mass index, 22.9 kg/m? CT volume dose index, 8.45 mGy; and dose-length product, 1157 mGy-cm).

A-F. The MEIs (window level, 45 HU; window width, 450 HU) include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. An occlu-
sion was noted in the left tibioperoneal trunk, proximal posterior tibial artery, and bilateral anterior tibial arteries (not shown). The overall
image quality is adequate and good with beam hardening artifacts (white arrows) on the 40 and 50 keV MEls, respectively (A, B). The
beam hardening artifacts close to the right profunda femoris artery (black arrows) can affect the vessel evaluation by radiologists. Howev-
er, the overall image quality is excellent with little beam hardening in the 60-80 keV MEIs (C-E). Poly-energetic (80/140 kVp with a tin filter)
image appears similar to the 120 kVp image and the high keV images (F).

HU = Hounsfield units, MEI = monoenergetic image

Fig. 4. Lower-extremity CT angiography images using the MEI plus technique of a 57-year-old male with peripheral arterial disease (body
mass index, 25.4 kg/m?; CT volume dose index, 8.66 mGy; dose-length product, 1266 mGy - cm).

A-F. The MEIs shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. An occlusion was noted in the right internaliliac
artery (not shown). The overall image quality is poor with severe streak artifacts (arrows) on the 40 keV MEI (A). The overall image quality
is superior on the 70-80 keV (D, E) MEIs to the low keV MEIs (A-C). Poly-energetic (80/140 kVp with a tin filter) image appears similar to the
120 kVp image and the high keV images (F).

MEI =monoenergetic image
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treatment (2, 3). However, there are some limitations while evaluating PAD by LE-CTA, be-
cause most PAD patients are elderly with calcification in vessels or prostheses, which interfere
with correct PAD evaluation.

Monoenergetic images (MEIs) from dual-energy CT can optimize the kiloelectron volt (keV)
level to evaluate the objective and subjective image quality of vessels (4). Although low keV (40—
50 keV) provides higher contrast than high keV (70-90 keV), its images have more severe noise
than those obtained at high keV. Recently, a noise-reduced virtual MEI reconstruction algo-
rithm (synonym Mono+) was developed to mitigate image noise at low energy levels (5). This
algorithm can reduce the image noise at low keV and improve the image contrast at high keV.

Till now, Mono+ has not been used to optimize the keV level in LE-CTA to evaluate PAD. In
this pictorial essay, we review various MEIs obtained from LE-CTA at different keV levels to
evaluate PAD efficiently.

DECT

Dual energy CT (DECT) imaging permits a variety of image reconstructions that aid in path-
ological depiction and characterization (6). Recently, second or third-generation dual-source
CT (SOMATOM FLASH or SOMATOM Force, Siemens Healthcare, Forchheim, Germany) has
been developed that uses two tubes (tube A, low kVp; tube B, high kVp). A blend of low and
high kVp images (A, B tube) provides an image quality similar to an approximately 120 kV im-
age (e.g., 80/140, 80/150 using Tin filter, 80/140 using Tin filter kVp) (Fig. 1). A specific mixing
ratio (e.g., A:B = 6:4) combined with the low and high kVp data is important to provide a
blended image with a decrease in image noise. The reconstruction of virtual MEIs from low to

Fig. 5. Lower-extremity CT angiography image using the MEI plus technique of a 63-year-old male with diabetes mellitus macroangiopa-
thy and a below-the-left-knee amputation (body mass index, 21.2 kg/m?; CT volume dose index, 7.74 mGy; dose-length product, 978
mGy-cm).

A-F. The MEIs (window level, 45 HU; window width, 450 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. Ve-
nous contamination is visible (arrows) and compromised diagnostic interpretation at just above the knee level of the left leg on the 40-50
keVimages (A, B). Although venous contamination is visible in the 60 keV image, it did not affect the diagnostic interpretation (D). Minimal
venous contamination is visible in the 70-80 keV images (D, E). Poly-energetic (80/140 kVp with a tin filter) image shows similar to the 120
kVp image and the high keV images (F).

HU = Hounsfield units, MEI = monoenergetic image
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high-keV images helps to accurately evaluate PAD (7). As low keV images enable increasing
proportions of photons to undergo photoelectric absorptive interactions around the K-edge of

iodine (33 keV), CT arteriography may reveal a high-contrast vessel image (6).

Fig. 6. Lower-extremity CT angiography images using the MEI plus technique of an 86-year-old male with diffuse steno-occlusive disease in
the bilateral BTK arteries (body mass index, 15.1 kg/m2; CT volume dose index, 7.09 mGy; dose-length product, 911 mGy - cm).

A-E. The MEIs (window level, 45 HU; window width, 450 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. Ve-
nous contamination is visible (arrows) that compromises the diagnostic interpretation at the BTK arteries of the left leg in the 40-50 keV
images (A, B). Although venous contamination is visible on the 60-80 keV images, it did not affect diagnostic interpretation (C-E).

BTK = below-the-knee, HU = Hounsfield units, MEI = monoenergetic image

Fig. 7. Lower-extremity CT angiography images using the MEI plus technique of a 37-year-old male with left diabetes mellitus foot (body
mass index, 26.5 kg/m? CT volume dose index, 8.57 mGy; dose-length product, 1236 mGy - cm).

A-E. MEls (window level, 45 HU; window width, 450 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. Venous
contamination is visible (arrows) and compromised diagnostic interpretation in the left lower leg arteries in the 40-50 keV images (A, B).
Although venous contamination is visible in the 60-80 keV images, it did not affect the diagnostic interpretation (C-E).

HU = Hounsfield units, MEl = monoenergetic image
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PERIPHERAL ARTERIAL DISEASE EVALUATION USING LE-CTA

LE-CTA may be useful for detecting PAD, evaluating anatomic variations and limb isch-
emia, and assessing stent placement (8). Current guidelines recommend LE-CTA examination
to assess PAD, severity of arterial stenosis, and treatment planning (1, 3, 9). LE-CTA helps to
determine whether endovascular therapy or surgery is appropriate because it can specify the
exact location and extent of atherosclerosis.

For accurate analysis of LE-CTA images, it is necessary to know the characteristics of each
KeV image, especially when the radiologist reconstructs CT images from low-KeV to high-KeV
using dual-energy CT. Lower keV images on dual-energy CTA are able to improve the contrast-
to-noise ratio. However, high density structures such as calcification or metal objects in low
kVp or keV images may appear to be larger than the actual size, which are called “blooming
artifacts.” Hence, due care is required while interpreting LE-CTA. Tt is useful to study the tech-
nical aspects of LE-CTA to accurately interpret PAD.

MEI

As mentioned above, virtual MEIs, from low to high-keV images, can be reconstructed us-
ing DECT. At low keV, high-density materials, such as iodine, become very bright and increase
the contrast with the surrounding soft tissue. However, the noise is also high in these low keV
images, as it may affect artifacts from high-density materials (10).

Recently, the Mono+ technique has been introduced to overcome image noise at low keV. In

Fig. 8. Lower-extremity CT angiography images using the MEI plus technique in a 79-year-old male (body mass index, 17.3 kg/m?; CT vol-
ume dose index, 7.20 mGy; dose-length product, 947 mGy - cm) with peripheral arterial disease. Severe stenosis was noted at the bilateral
superficial femoral arteries (arrowheads).

A-E. MEls (window level, 500 HU; window width, 2000 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. At 40
keV, the segmented image provides acceptable information but the image quality is unsatisfactory due to vessel calcification with mild
blooming artifacts (arrowheads). At 50-60 keV, the segmented images satisfactorily provide information with adequate image quality.
However, at 70-80 keV, the segmented images provide optimal information with excellent image quality and no blooming artifacts. The
image quality of peripheral arterial disease with calcification on the higher keV images is superior to that on the lower keV images.

HU =Hounsfield unit, MEI = monoenergetic image
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this technique, a combination of low-keV image and image noise from optimal keV (typically
obtained at 70 keV) are computed. This approach takes advantage of the improved iodine,
contrast-to-noise ratio (CNR) of virtual MEIs, in particular at low energy levels, while main-
taining spatial resolution and fine noise texture. To avoid noise increase at lower calculated
energies, which is a known drawback of virtual MEIs at low keV, a regional spatial frequency-
based combination of the high contrast at lower energies and the superior noise properties at
higher energies can be performed to optimize CNR (e.g., image noise from 70 keV) (Fig. 2) (5).
Using this technique, it is possible to obtain improved contrast with low noise.

Therefore, we expect low-keV images using the Mono+ technique, which are higher quality
images than low-keV images without denoising. Although theoretically, low keV images us-
ing the Mono+ technique have better image quality than those using high keV images, high

Fig. 9. Lower-extremity CT angiography images using the MEI plus technique of an 82-year-old female (body mass index, 40.7 kg/m?; CT
volume dose index, 8.88 mGy; dose-length product, 1104 mGy-cm) with peripheral arterial disease. Severe stenosis is noted at the right
superficial femoral artery (arrowheads).

A-E. MEls (window level, 150 HU; window width, 600 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. At 40—
50 keV, the segmented images provide acceptable information but the image quality is unsatisfactory due to vessel calcification with
blooming artifacts (arrowheads) At 60 keV, the segmented images satisfactorily provide information with adequate image quality. Howev-
er, at 70-80 keV, the segmented images provide optimal information with excellent image quality.

F-J. The MEIs with modification in the window setting (window level, 500 HU; window width, 2000 HU) shown include (F) 40 keV, (G) 50
keV, (H) 60 keV, (1) 70 keV, and (J) 80 keV. At 40-80 keV, the segmented images provide acceptable to optimal information of the evaluation
of vessel calcification without blooming artifacts.

HU = Hounsfield units, MEI = monoenergetic image
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keV images may be of superior image quality to evaluate PAD caused due to calcifications
and metal artifacts.

OVERALL IMAGE QUALITY OF MEI

LE-CTA is used to evaluate PAD. However, apart from the evaluation of vessels, it is also im-
portant to evaluate other organs, such as the liver, kidney, bowel, muscle, lymph nodes, and
bones, to assess the overall condition of the patient. Thus, we review the overall CT image
quality for various KeV images. In some patients, we obtained Mono+ images at 40, 50, 60, 70,
and 80 keV, and we have reviewed the overall image quality of CT images at each KeV. In most
of the images, for higher keV, the overall image quality is better with lower image noise. Low-
er keV reveals lower image quality, and is especially affected by beam hardening (Fig. 3) or
other metal artifacts. For example, if the patient cannot raise their arm during CT examina-

tion, it causes streak artifacts, especially at lower keV, which affects the overall image quality

Fig. 10. Lower-extremity CT angiography images using the MEI plus technique in a 90-year-old female (body mass index, 21.9 kg/m? CT
volume dose index, 7.1 mGy; dose-length product, 936 mGy - cm) with peripheral arterial disease at the bilateral superficial femoral arter-
ies, popliteal arteries, and below-the-knee arteries. Moderate stenosis is noted in the left popliteal artery (arrowhead).

A-E. MEls (WL: 500 HU, WW: 2000 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. At 40 keV (arrowhead), the
segmented image of the left popliteal artery provides unclear information with inadequate image quality due to severe blooming arti-
facts. However, at 50-80 keV, the segmented images provide optimal information with adequate to excellent image quality and a decrease
in blooming artifacts compared with the 40 keV image.

F-J. The MEIs shown include (F) 40 keV, (G) 50 keV, (H) 60 keV, (1) 70 keV, and (J) 80 keV with changes in window setting. In each keV image,
the WL and WW were adjusted to optimize image quality (A) WL: 1040 HU, WW: 4200 HU, (B) WL: 800 HU, WW: 3400 HU, (C) WL: 500 HU,
WW: 2100 HU, (D) WL: 600 HU, WW: 2200 HU, (E) WL: 530 HU, WW: 2000 HU). With the WW and WL adjustments, the image quality im-
proved at all keV, even 40 keV, with a decrease in blooming artifacts, showing excellent image quality.

HU =Hounsfield units, MEI = monoenergetic image, WL = window level, WW = window width
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(Fig. 4). This artifact can be considerably reduced by optimizing the window length/window
width for each image (11, 12).

Venous contamination is defined as excessive venous enhancement at the arterial phase
that interferes with the evaluation of arterial disease (13). Patients with a fast flow are more
likely to have venous enhancement. Patients with inflammatory processes, such as cellulitis,
are more likely to have venous contamination (13, 14).

We evaluated venous contamination by dividing it into three cases where it was 1) not visi-

Fig. 11. Lower-extremity CT angiography images using the MEI plus technique of a 69-year-old female (body mass index, 23.4 kg/m? CT
volume dose index, 7.16 mGy; dose-length product, 830 mGy - cm) with peripheral arterial disease. Mild stenosis is noted at the left superfi-
cial femoral artery (arrowheads).

A-E. The MEIs (window level, 45 HU; window width, 450 HU) shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. At
40-50 keV, the segmented images provide acceptable information but unsatisfactory image quality due to vessel calcification with bloom-
ing artifacts (arrowheads). At 60-80 keV, the segmented images provide satisfactory information with adequate image quality such that
the vessel calcification is differentiated from the vessel enhancement.

F-J. The MEIs with modified window settings (window level, 600 HU; window width, 2000 HU) shown include (F) 40 keV, (G) 50 keV, (H) 60
keV, (1) 70 keV, and (J) 80 keV. Thus, at 40-80 keV, the segmented images provide acceptable to optimal information of the evaluation of
vessel calcification without blooming artifacts.

HU = Hounsfield units, MEI = monoenergetic image
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ble, 2) visible but did not affect diagnostic interpretation, or 3) visible and compromised diag-
nostic interpretation. CT images at lower keV showed an increase in venous contamination
due to an increase in contrast, compared with those at higher keV (Figs. 5-7). Although venous
contamination may be reduced by adjusting the window width and level of CT images in actu-

al practice, it is generally greater in low-keV images.

Low keV images with high contrast can lead to misinterpretation or overestimation of PAD

Fig. 12. Lower-extremity CT angiography images using the MEI plus technique in a 60-year-old female (body mass index, 24.2 kg/m? CT
volume dose index, 7.78 mGy; dose-length product, 990 mGy - cm) with peripheral arterial disease.

A-E. MEIs shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. Metal artifacts caused by internal fixation material on
the left femur affected the left superficial femoral artery evaluation. At 40-50 keV, the image quality is poor and non-diagnostic due to
strong streak artifacts (arrows). In the 60-80 keV images, the image quality is poor due to severe artifacts, but the effect of the artifacts
gradually decreases in the images from 40 to 80 keV.

F-J. The MEls shown include (F) 40 keV, (G) 50 keV, (H) 60 keV, (I) 70 keV, and (J) 80 keV with optimized window settings (window level,
1000 HU; window width, 3000 HU) due to a decrease in metal artifacts. Despite the window setting changes, the low keV images (F, G)
show remnant metal artifacts compared with the high keV images (H-J).

HU = Hounsfield units, MEI = monoenergetic image
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Fig. 13. Lower-extremity CT angiography images using the MEI plus technique of a 61-year-old male (body mass index, 18.5 kg/m?; CT vol-
ume dose index, 7.54 mGy; dose-length product, 939 mGy - cm) with peripheral arterial disease.

A-E. MEIs shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. Metal artifacts caused by the internal fixation material
on the left femur and tibia affect the left popliteal artery evaluation. In the 40-50 keV images, the image quality is poor due to severe arti-
facts (arrows). In the 60-80 keV images, the image quality is adequate with slight metal artifacts. The metal artifacts gradually decrease in
the images from 40 to 80 keV.

F-J. MEls shown include (F) 40 keV, (G) 50 keV, (H) 60 keV, (I) 70 keV, and (J) 80 keV with optimized window settings (window level, 700 HU;
window width, 3000 HU) due to the decrease in metal artifacts. With the window level and width adjustments, the vessel image quality is
excellent without metal artifacts.

HU = Hounsfield units, MEI = monoenergetic image

calcification (Figs. 8-11). A prior study reported that low-keV images produced larger arterial
plaque volumes than conventional 90/Sn150-kVp images (7, 15). Although blooming artifacts
due to small high-contrast structures can be reduced by optimizing the window length/window
width (Fig. 10) (11), it may not be appropriate to perform PAD evaluation on low-keV MEIs.

METAL ARTIFACTS IN MEI

CT image quality in high-keV MElIs is superior for metal artifacts compared to low-keV MEIs
(4,7, 16, 17, 18). Metal artifacts decrease in the CT images at high keV than those at low keV
(Figs. 12-14). CT images at low keV yield higher objective image noise of metal artifacts than
those at high keV.

CONCLUSION

We reviewed Mono+ images obtained from LE-CTA at different keV levels to evaluate PAD. A
brief review of DECT, MEIs, and various image features of PAD on different MEIs can improve
radiologists’ interpretation and diagnostic accuracy of PAD on LE-CTA. The overall image
quality, segmental image quality, and diagnostic value of metal artifacts are better at higher
keV than those at lower keV. This is because at lower keV, there is more severe noise than at
higher keV, while lower keV leads to higher contrast than higher keV. The issue of noise has

not been overcome, even though the Mono+ technique has been applied in patients with PAD

1042 jksronline.org
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Fig. 14. Lower-extremity CT angiography images using the MEI plus technique of a 79-year-old female (body mass index, 24.0 kg/m? CT
volume dose index, 7.28 mGy; dose-length product, 803 mGy - cm) with peripheral arterial disease.

A-E. MEIs shown include (A) 40 keV, (B) 50 keV, (C) 60 keV, (D) 70 keV, and (E) 80 keV. Metal artifacts caused by internal fixation material on
the left femur affect the left superficial femoral artery evaluation. In the 40-50 keV images, the image quality is poor due to severe artifacts
(arrows). In the 60-80 keV images, the image quality is adequate with slight metal artifacts. The metal artifacts gradually decrease in the
images from 40 to 80 keV.

F-J. MEls shown include (F) 40 keV, (G) 50 keV, (H) 60 keV, (1) 70 keV, and (J) 80 keV with optimized window settings (window level, 200 HU;
window width, 2000 HU) due to the decrease in metal artifacts. With the window level and width adjustments, the vessel image quality is
excellent without metal artifacts.

HU = Hounsfield units, MEI = monoenergetic image

mainly caused due to calcification lesions and metal artifacts. The image quality at higher keV
is more acceptable to detect venous contamination, because higher contrast at lower keV
tends to overestimate small venous contamination.
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