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  Abstract 

 Information derived from imaging studies can play an important role in 
the management of complicated foot problems in the diabetic patient. This 
chapter reviews the various modalities available for imaging of the dia-
betic foot—radiography, nuclear medicine studies such as bone scanning, 
labeled leukocyte scans, gallium, and Flourine-18-fl ourodeoxyglucose 
positron emission tomography (FDG PET) scans, cross-sectional studies 
such as magnetic resonance imaging (MRI), CT, and ultrasound, and vari-
ous forms of angiography—and highlights their relative strengths and 
weaknesses for the diagnosis of osteomyelitis, soft tissue infection, and 
neuroarthropathy. A suggested imaging algorithm for the diagnosis of 
osteomyelitis in the diabetic foot is presented.  
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   Introduction 

 Foot infections are among the most common causes 
of hospitalization in the diabetic population, 
accounting for 20% of all diabetes related admis-
sions. Complicated foot infections may require 
treatment by amputation—as many as 6–10% of 

all diabetic patients will undergo amputation for 
treatment of infection  [  1–  3  ] , accounting for 57% of 
nontraumatic lower extremity amputations  [  4–  6  ] . 
The scope of the problem is compelling. Infections 
and complicated vascular diabetic foot problems 
result in 50,000 amputations a year in the USA  [  7  ] . 
The Centers for Disease Control and Prevention 
(CDC) estimated the annual treatment cost of 
amputees within this group at $1.2 billion for the 
year of 1997. However, this fi gure does not include 
the cost of rehabilitation, prosthetic devices, or lost 
income. These treatment costs are likely to grow, 
as the prevalence of diabetes is on the rise. A recent 
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epidemiology study shows an increase of the over-
all prevalence of diabetes from 12.1 million in 
2002 to 17.5 million in 2007  [  8  ] . 

 Information derived from imaging studies can 
play an important role in management of compli-
cated foot problems in the diabetic patient. Soft 
tissue abnormalities such as abscesses and cellu-
litis can be identifi ed, osteomyelitis can be 
detected, the extent of abnormal marrow can be 
depicted, neuroarthropathic changes can be diag-
nosed and followed over time, distribution of ath-
erosclerotic lesions can be mapped, and the 
effectiveness of re-vascularizaton procedures can 
be evaluated. A variety of studies are currently 
available for imaging the diabetic foot. In order 
to use these imaging studies effectively, it is 
important to understand the specifi c strengths 
and weaknesses of each modality, as they apply 
to the particular clinical problem in question. The 
goal of this chapter is to review the modalities 
available for imaging of diabetic foot infection 
and to highlight their relative utilities in the con-
text of clinical problem solving.  

   Infection in the Diabetic Foot 

   Risk Factors 

 Many factors contribute to infection in the dia-
betic foot, including peripheral neuropathy  [  9  ]  
and vascular insuffi ciency  [  10  ] . Repetitive minor 
trauma to an insensitive neuropathic foot, exacer-
bated by abnormal biomechanics or ill-fi tting 
shoes, causes areas of increased plantar pressure 
to develop callus, which, in turn, predisposes to 
ulcer development. Clinically occult ulcers form 
insidiously, deep to the callus  [  11,   12  ] . Direct 
extension of infected ulcers or soft tissue infec-
tion to bone leads to osteomyelitis  [  13  ]  (Fig.  6.1 ). 
These infections are usually polymicrobial and 
involve both anaerobic and aerobic pathogens.   

   Soft Tissue Abnormalities 

 Soft tissue abnormalities associated with the dia-
betic foot include soft tissue edema, cellulitis, 

soft tissue abscess, ulcers, sinus tracts, tenosyno-
vitis, joint effusions, and arthritis  [  14–  16  ] . The 
importance of differentiating these conditions 
lies in their differing management: abscess neces-
sitates prompt surgical drainage, septic arthritis 
requires surgical debridement, and cellulitis gen-
erally entails antibiotic therapy. 

 Soft tissue edema and swelling is a common 
fi nding in the diabetic patient. Soft tissue swell-
ing can occur in the absence of infection, due to 
vascular insuffi ciency or peripheral neuropathy 
(Fig.  6.2 )  [  16  ] . However, soft tissue swelling can 
also refl ect the presence of cellulitis, that is, soft 
tissue infection of the superfi cial soft tissues. 
Cellulitis along the dorsum of the foot usually 
occurs secondary to surface infections in the 
nails, toes, or Web spaces. Simple cellulitis is 
generally diagnosed clinically, without the need 
for imaging. The major indication for imaging of 
patients with cellulitis is suspected underlying 
deep infection, such as soft tissue abscess, osteo-
myelitis, or septic arthritis.   

  Fig. 6.1    Osteomyelitis deep to ulcer on MRI. Coronal 
fl uid-sensitive STIR image of the left foot of a diabetic 
patient shows an area of marrow edema ( asterisk ) at the 
tip of the fi bula (F). Overlying this focus of abnormal mar-
row is an ulcer surrounded by diffuse soft tissue swelling 
( arrowheads ). These fi ndings represent osteomyelitis of 
the distal fi bula.  C  calcaneus,  TIB  tibia,  T  talus       
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   Osteomyelitis 

 Osteomyelitis of the foot occurs up to 15% of 
diabetic patients  [  15  ] . Bone infection results from 
local extension of soft tissue infection (Fig.  6.1 ). 
Callus and ulcers serve as the conduits for infec-
tion to spread to deep soft tissue compartments, 
bones, and joints. The most common sites of soft 
tissue infection and secondary osteomyelitis are 
foci of increased plantar pressure, such as the 
metatarsal heads and the calcaneus (Fig.  6.3 ). 
Evaluation of foot ulcers is important because 
more than 90% of osteomyelitis cases result from 

contiguous spread of infection from soft tissue to 
bone  [  7  ] . Newman et al. further demonstrates a 
clear relationship between ulcer depth and osteo-
myelitis: 100% of ulcers exposing bone and 82% 
of moderately deep ulcers were shown to have 
osteomyelitis on bone biopsy  [  1  ]  (Fig.  6.1 ).  

 Identifi cation of osteomyelitis in the diabetic 
foot can be diffi cult both clinically and radio-
graphically. Ability to probe a pedal ulcer through 
to bone (Fig.  6.3 ) has been reported as a useful 
index of underlying osteomyelitis in a diabetic 
patient  [  17  ]  and is commonly used to guide deci-
sions regarding treatment. Nonetheless, clinical 
judgment was shown to be a poor indicator of 
infection. The technique of probing to bone, only 
68% sensitive, may underestimate the incidence 
of bone involvement, according to Newman et al. 
 [  1  ] . In the same study, 18 out of 19 of pedal ulcers 
did not expose bone nor display infl ammation, 
yet contained osteomyelitis. Moreover, other 
clinical parameters such as fever and leukocytosis 
are unreliable in the diabetic patient. For exam-
ple, in a study by Bamberger et al., only 18% of 
patients with clinically severe osteomyelitis were 
febrile  [  13  ] . Neither fever nor leukocytosis pre-
dicts the necessity for surgical exploration  [  18  ] .   

   Imaging Modalities 

 Imaging can play a role in diagnosing and 
 distinguishing between bone and soft tissue 
infection, characterizing soft tissue abnormali-
ties, identifying osteoarthopathy and other bony 
abnormalities, and mapping vascular disease 
for surgical intervention. A variety of imaging 
modalities can be useful in the evaluation of the 
diabetic foot, include radiography, scintigraphic 
examination, CT, magnetic resonance imaging 
(MRI), US, and angiography. Imaging tech-
niques vary in their sensitivity for detection of 
osteomyelitis, with specifi city limited in the 
presence of cellulitis, peripheral ischemia, and 
diabetic neuropathic osteoarthropathy  [  19,   20  ]  
(Table  6.1 ). In the appropriate setting, however, 
noninvasive imaging can aid in diagnosis and 
treatment planning.  

  Fig. 6.2    Dorsal soft tissue swelling on MRI. ( a ) 
T1-weighted image and ( b ) fl uid-sensitive STIR image 
are coronal or short axis images acquired at the level of 
the mid-metatarsal shafts. This diabetic patient has diffuse 
dorsal soft tissue swelling ( small arrows ). The subcutane-
ous edema is dark or low signal on the T1-weighted image 
and bright or high signal on STIR. Note the presence of 
normal fatty marrow signal in the metatarsal bones—high 
signal ( bright ) on T1 and low signal ( dark ) on STIR, con-
clusively ruling out osteomyelitis.  I–V  fi rst to fi fth 
metatarsals       
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   Radiographs 

 Radiography (“X-ray”) remains the fi rst screen-
ing examination in any patient with suspected 
infection and have the advantage of being inex-
pensive and easily obtainable. Radiographs can 
help to identify an unsuspected diabetic patient 
by demonstrating calcifi cation in the interdigital 
arteries: these vessels rarely calcify in nondia-
betic patient  [  21  ] . Cellulitis results in increased 
density and thickening of the subcutaneous fat, 
though nonspecifi c soft tissue edema can have a 

similar appearance. Both bone and soft tissue 
infection can result in blurring of usually visible 
fat planes. Focal fl uid and callus both demon-
strate focal increased density in the subcutaneous 
fat. Ulcers may or may not be visible on radio-
graphs, depending on their size and orientation. 
(Fig.  6.5 ). In general, all of these soft tissue 
abnormalities are more clearly evident at physi-
cal examination. However, radiographs do read-
ily depict subcutaneous emphysema associated 
with infection or recent surgery (Fig.  6.4 ). Some 
foreign bodies, i.e., denser materials such as 

   Table 6.1    Compilation of sensitivity and specifi city of various imaging modalities in the diagnosis of osteomyelitis   

 Range of 
sensitivity (%) 

 Range of 
specifi city (%) 

 Compiled 
sensitivity/
specifi city 
(%/%)  References 

 Radiography  52–93  33–92  61/72   [  26,   27,   31,   80,   82,   83,   102, 
  126–  128  ]  

 Three-phase bone scan in patients 
without bone complications 

 94/95   [  23  ]  
 Review of 20 published 
reports 

 Three-phase bone scan in patients 
with bone complications 

 95/33   [  23  ]  

 In-111 labeled WBC  75–100  69–100  93/80   [  26,   27,   31,   129  ]  
 Combined gallium and bone scan  81/69   [  23  ]  
 MRI  29–100  67–95  96/87   [  80–  84,   129  ]  

  Fig. 6.3    Osteomyelitis of fi rst distal phalanx. ( a ) AP and 
( b ) lateral views of the great toe show an ulcer ( arrow ) 
overlying the distal phalanx. The cortex of the bone is 

indistinct and there is underlying osteopenia, representing 
osteomyelitis. On clinical examination, exposed bone was 
evident at the ulcer       
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metal and lead-containing glass are radio-opaque 
and generally are visible on radiographs. In order 
to detect nonmetallic foreign bodies and subtle 
soft tissue calcifi cations, radiographs acquired 
with “soft tissue” technique (i.e., lower kV than a 
routine radiograph) may be required.  

 Findings of osteomyelitis on radiographs 
include soft tissue swelling and effacement of tis-
sue fat planes, permeative medullary radiolu-
cency, focal osteopenia or focal osteolytic 
lesion, periosteal new bone formation, endosteal 
scalloping, and cortical bone destruction 
(Table  6.2 ; Figs.  6.3 – 6.5 ). Of note, these osseous 
changes typically only become apparent after 
osteomyelitis has been present for 10–14 days 
and require up to 50% bone loss before becoming 

evident on a radiograph  [  22  ] . Comparison to prior 
fi lms, when available, can help to highlight early 
changes. In the majority of studies, sensitivity of 
radiographs ranges between 52 and 93% and 
specifi city ranges between 33 and 92%, for detec-
tion of osteomyelitis (Table  6.1 ). When radio-
graphs are positive for osteomyelitis, further 
imaging studies are often not required. However, 
radiography is less sensitive compared with other 
imaging modalities and a negative X-ray exami-
nation does not exclude osteomyelitis. Moreover, 
radiographs are not sensitive for detection of soft 
tissue infection, such as septic arthritis or abscess 
formation.   

 Even when radiographs do not demonstrate 
fi ndings of osteomyelitis, they nonetheless play 
an important role in the diagnostic-work-up of 
infection. Because they demonstrate changes of 
neuroarthropathy, postsurgical changes, frac-
tures, foreign bodies, gas, foot deformities, and 
bony variants, radiographs can serve as roadmaps 
for other imaging examinations. In the absence of 
correlative radiographs, these fi ndings can cause 
unnecessary confusion on MRI or nuclear medi-
cine examinations.  

   Nuclear Medicine 

 The three most commonly employed nuclear 
medicine or scintigraphic tests for the diagnosis 
of diabetic foot infection are bone, labeled leuko-
cyte scans, and gallium scans. FDG PET has 
shown utility for diagnosing musculoskeletal 
infection, but is not yet routinely reimbursed for 
this indication. Bone, labeled leukocyte, and gal-
lium scans are all considered highly sensitive to 
the presence of both soft tissue infection and 

   Table 6.2    Radiographic fi ndings of acute osteomyelitis   

 Soft tissue swelling and effacement of soft tissue fat 
planes 
 Permeative medullary radiolucency 
 Focal osteopenia or focal osteolytic lesion 
 Periosteal new bone formation 
 Endosteal scalloping 
 Cortical bone destruction 

  Fig. 6.4    Soft tissue air and deep ulcers on radiography. 
The lateral view of the right foot from a diabetic patient 
shows subcutaneous air ( arrows ) in both dorsal and plan-
tar soft tissues surrounding the metatarsals. A deep ulcer 
dissects into the heel fat pad ( arrowhead )       

  Fig. 6.5    Osteomyelitis of the second distal phalanx. 
Extensive destruction of cortical and medullary bone 
( arrow ), with surrounding soft tissue swelling       
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osteomyelitis (Table  6.1 ). When the foot is radio-
graphically normal, bone scan is the scintigraphic 
examination of choice. When preexisting bone 
changes are present (i.e., neuroarthropathy, 
trauma, degenerative changes), labeled leukocyte 
scan provides the best overall sensitivity and 
specifi city among the nuclear medicine studies 
(Table  6.1 ). 

   Bone Scan 
 Traditionally, triple phase bone scan (TPBS) has 
been the test used for the work-up of suspected 
osteomyelitis in patients with negative radio-
graphs. It is widely available and easy to perform. 
A three-phase bone scan involves intravenous 
injection of radioactive technetium-99m methyl-
ene diphosphonate, followed by imaging with a 
gamma camera at three distinct time points. 
Images acquired every 2–5 s immediately follow-
ing injection provide a radionuclide angiogram 
(the fl ow phase) and may demonstrate asymmet-
rically increased blood fl ow to the region of inter-
est. The tissue or blood pool phase is obtained 
within 10 min and reveals increased extracellular 
fl uid seen in conjunction with soft tissue infl am-
mation. A delayed, skeletal phase is acquired 
2–4 h after the injection. The skeletal phase dem-
onstrates areas of active bone turnover, which 
have incorporated the radionuclide tracer, and are 
seen as focal “hot spots” of increased tracer activ-
ity. The tracer is taken up by bone in an amount 
dependent on both the degree of osteoblastic 
activity and the blood fl ow to the area. In some 
facilities, single-photon emission computer 
tomography (SPECT) spanning can be performed 
in conjunction with a technetium bone scan to 
generate tomographic, cross-sectional images of 
radionuclide activity that can be reformatted into 
different planes and can help to clarify problems 
created by bony overlap. Because SPECT images 
have greater intrinsic contrast than routine planar 
images, the SPECT images are also more sensi-
tive in detecting foci of radionuclide activity. 

 Osteomyelitis results in increased uptake in all 
three phases of a bone scan, whereas simple cel-
lulitis demonstrates increased uptake in the fi rst 
two phases only (fl ow and tissue or blood pool 
phases) (Fig.  6.6 ). In cellulitis, there may be mild 

diffuse increased uptake in the bone due to 
infl ammation, but this is distinct from the more 
focal, intense increased uptake seen with osteo-
myelitis. However, uptake in the delayed phase 
itself is not specifi c for osteomyelitis. In general, 
a positive delayed phase scan is seen when there 
is an underlying process that promotes bone 
remodeling, e.g., healing fracture, neuropathic 
osteoarthropathy, or recent bone surgery. False 
negatives may occur when the radiotracer fails to 
reach the foot because of diminished vascular 
fl ow. This is of particular concern in diabetics 
with atherosclerotic disease.  

 Schauwecker’s review of 20 published reports 
shows a compiled mean sensitivity and specifi c-
ity of 94% and 95%, respectively, for detection of 
osteomyelitis with bone scintigraphy  [  23  ] . 
Unfortunately, this data applies only to patients 
without underlying bone deformities. In the dia-
betic patient with complicated bone conditions 
such as recent fractures and neuroarthropathic 
changes, a common clinical presentation, the 
sensitivity remains at 95%, but the specifi city 
declines to 33%  [  23  ] . Thus, the American College 
of Radiology (ACR)-sponsored appropriateness 
criteria for detection of osteomyelitis recom-
mends a three-phase bone scan only when radio-
graphic fi ndings of bone complications are absent 
 [  24  ] . If radiographic fi ndings of bone complica-
tions are absent and the bone scan is normal, then 
there is little likelihood of osteomyelitis and 
the investigation can be considered complete. 
However, when the radiograph reveals an under-
lying focal bony abnormality, then a bone scan is 
unlikely to be defi nitive and, therefore, a labeled 
leukocyte study or MRI is recommended instead. 
If a labeled leukocyte scan or MRI is not avail-
able, a gallium scan may provide a useful 
alternative.  

   Labeled Leukocyte Scan 
 Labeled leukocyte scans, also known as labeled 
white blood cell (WBC) scans, are the preferred 
scintigraphic technique for imaging when there is 
background bone pathology on radiographs. This 
is because WBCs accumulate at sites of infec-
tion, but, unlike bone scans, they do not accumu-
late at sites of increased bone turnover, such as 
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fractures and neuropathic osteoarthropathy. WBC 
scans are performed by extracting a patient’s 
blood, fractionating the leukocytes from blood, 
incubating the WBCs with either indium 111-
oxine or technetium-99m-hexamethylpropylene 
amine oxime (Tc-HMPAO) in order to label 
them, and then re-injecting the labeled WBCs 
into the same patient. Imaging is performed 
16–24 h later, using a standard gamma camera. 
As noted above, labeled WBCs theoretically only 
accumulate at sites of infection and not at sites of 
increased osteoblastic activity and therefore 
should be extremely useful in the diagnosis of 
complicated osteomyelitis (Fig.  6.7 ). The technique 

is most useful for infl ammatory processes that 
are mediated by neutrophils, such as bacterial 
infections, since the majority of leukocytes 
labeled are neutrophils  [  25  ] . In addition, a total 
white count of at least 2,000/ m L is needed to 
obtain satisfactory results  [  25  ] .  

 Indium-labeled leukocyte scan offers the 
best sensitivity and specifi city among the three 
readily available scintigraphic techniques 
(Table  6.1 ). A compilation of seven studies 
yielded a sensitivity of 93% and specifi city of 
80%  [  1,   26–  31  ] . In addition, Newman suggested 
that indium-labeled leukocyte imaging could be 
used to monitor response to therapy, with images 

  Fig. 6.6    Osteomyelitis on triple phase bone scan (TPBS). 
( a ) Radionuclide angiogram (fl ow phase) of a TPBS with 
successive images obtained every 2–5 s following injec-
tion, showing asymmetrically increased blood fl ow to the 
distal right lower extremity ( arrow ). ( b ) Blood pool phase 
obtained within 10 min after injection shows increased 
activity in the right foot ( arrows ), refl ecting increased 
extracellular fl uid related to soft tissue infl ammation. AP 

view on the left and lateral view on the right. ( c ) Delayed 
skeletal phase acquired 2–4 h after injection shows 
increased activity in the bones of the midfoot. In this 
phase, “hot spots” refl ect areas of active bone turnover 
( arrows ) and is therefore specifi c for bone. Note that the 
signal seen in the soft tissues on the preceding blood pool 
phase has cleared. AP view on the  left  and lateral view on 
the  right        
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reverting to normal 2–8 weeks after commence-
ment of antibiotic therapy  [  1  ] . 

 Despite their potential advantages and reported 
high sensitivity and specifi city, indium-labeled 
leukocyte scans have not completely displaced 
other imaging modalities. Recent data shows 
false-positive uptake of indium-labeled leuko-
cytes in as many as 31% of noninfected 
 neuropathic joints  [  32  ] . These false-positive 
examinations stem from the inability to deter-
mine whether labeled leukocytes located outside 
the typical marrow distribution represents 
 infection or merely an atypical site of hematopoi-
etic activity  [  33  ] . Atypical patterns of marrow 
distribution may accompany fractures, orthope-
dic hardware, infarctions, systemic diseases, 
and tumors. At sites where bone marrow may be 
present, it is very helpful to compare the leuko-
cyte scan with a bone marrow scan obtained 
with technetium-99m-macroaggregated albumin. 
False-negative examinations may occur when the 
procedure for labeling the leukocytes is inade-
quate  [  34  ] . Detection of osteomyelitis is rarely a 
problem in the forefoot, where the osseous struc-
tures are equidistant from both dorsal and plantar 
skin surfaces, but may be compromised in the 
mid- and hindfoot due to anatomic complexity in 
these areas  [  33  ] . Interpreting the labeled leuko-
cyte study in conjunction with the anatomic 
localizing information available from a simulta-

neously acquired bone scan can help to improve 
accuracy  [  31  ] . 

 Technitium-99m HMPAO-labeled leukocyte 
scans are reported to be as accurate as indium-
labeled leukocyte studies in the diagnosis of 
osteomyelitis. This technique of labeling has the 
advantage of providing the results on the same 
day and depositing a much lower radiation dose. 
Its major drawback is that it does not permit 
simultaneous acquisition with bone or bone mar-
row scans. 

 Other disadvantages associated with both 
indium- and technetium-99m HMPAO-labeled 
leukocyte scans include the complexity of the 
labeling process, high costs, limited availability 
of the test, and the risks inherent in handling of 
blood products. Because of the diffi culties inher-
ent in in vitro labeling of leukocytes, several 
techniques for in vivo labeled leukocyte imaging 
have been developed. However, these techniques 
are not at present in widespread use  [  25  ] .  

   Gallium Scan 
 Gallium is not frequently used in work-up of dia-
betic pedal osteomyelitis, but can be a useful 
alternative for assessment of pedal infection 
when there are abnormal radiographic fi ndings 
on a foot radiograph and a labeled leukocyte scan 
or MRI is not available. Gallium-67 citrate local-
izes in areas of infection. If the gallium scan is 
normal, osteomyelitis can be excluded. By itself, 
gallium is not very specifi c for the diagnosis of 
osteomyelitis, because gallium accumulates not 
only at sites of bone infection but also at sites of 
soft tissue infection and at sites of increased bone 
remodeling, as seen in trauma  [  35  ] . Gallium scan 
images frequently lack spatial resolution, which 
precludes separation of bone from soft tissue 
uptake  [  35  ]  (Fig.  6.8 ). If there is any bony abnor-
mality, then a bone scan should be obtained prior 
to obtaining the gallium scan, in order to improve 
the specifi city of diagnosis. (The long half-life of 
gallium-67 makes it prudent to acquire the bone 
scan fi rst.) In that case, if the gallium scan is posi-
tive, then the uptake on the bone scan can be used 
to account for the gallium uptake that is occur-
ring due to bony remodeling  [  36  ] . The diagnosis 
of osteomyelitis is made when the gallium and 

  Fig. 6.7    Osteomyelitis on indium-labeled leukocyte 
scan. Increased indium accumulation about the ankle rep-
resents a focus of osteomyelitis in a patient with swelling 
and fever. Staph aureus grew from the marrow aspirate       

 



956 Imaging of Infection in the Diabetic Foot

bone scan are incongruent, as summarized in 
Table  6.3 .   

 Schauwecker showed the sensitivity and spec-
ifi city of this technique to be 81% and 69%, 
respectively  [  23  ] . However, the author also 
observed that more than half of the combined 
bone and gallium examinations were equivocal. 
This technique, therefore, is only helpful when 
the study is positive or negative. Although the 
relatively high number of equivocal examinations 
makes this modality less advantageous, gallium 
scan remains a useful alternative if labeled leuko-
cyte scan or MRI is not available.  

   FDG PET Scan 
 Flourine-18 labeled fl uorodeoxyglucose (FDG) 
imaging using positron emission tomography 
(PET) has become an important technique for 
oncologic imaging and is in common clinical 
use for detection, staging, and monitoring 
response to therapy in lung cancer, breast cancer, 

lymphoma, and melanoma, among others  [  37  ] . 
However, FDG PET scans often also show 
increased activity in areas of infl ammation or 
infection and the use of PET for these nonneo-
plastic applications is now being actively investi-
gated  [  37  ] . At this early juncture, however, FDG 
PET examinations are not routinely reimbursed 
for applications related to infection. 

 FDG is a radiolabeled glucose analogue that is 
taken up by cells in proportion to their metabolic 
rate and number of glucose transporter proteins. 
Increased FDG uptake is seen in infl ammation, 
due to increased expression of glucose transport-
ers and increased affi nity for the glucose 
analogue by activated infl ammatory cells. The 
fl uorine-18 ( 18 F) radionuclide is produced in a 
particle accelerator known as a cyclotron and has 
a relatively short radioactive half-life. After intra-
venous injection of fl ourine-18 FDG, a patient is 
imaged 30–60 min later using a PET scanner. 
A routine examination includes images from the 
level of the skull base through the mid-thigh, 
though examinations spanning the skull to the 
feet can be performed. Areas of increased activ-
ity on the images refl ect sites of increased glu-
cose metabolism and may be described in terms 
of standardized uptake value (SUV). Many of the 
scanners currently being installed are PET-CT 
scanners, which incorporate both a PET scanner 
and a conventional CT scanner, In a PET-CT sys-
tem, PET and conventional CT images are both 
obtained during the same examination and can be 
fused together into hybrid images, to aid in local-
ization of areas of increased activity. This 
improved localization capability can be used, for 
example, to help distinguish between osteomy-
elitis and soft tissue infection  [  38  ] . 

 FDG PET has shown promising initial results 
for imaging of infection, but remains an investi-
gational technique. In general, sensitivity for 
infection tends to be relatively high and negative 
predictive value is very high, but false positives 
can occur because any area of increased meta-
bolic activity—not just infection—will show 
increased radionuclide activity. Recent surgery 
can also result in false-positive increased activity 
 [  37  ] . Chacko et al. examined 167 PET scans in 
175 anatomic sites and found an accuracy of 

  Fig. 6.8    Osteomyelitis of left ankle on gallium scan. The 
increased gallium activity in the distal tibia of a diabetic 
patient suggests osteomyelitis. However, the lack of reso-
lution of the image precludes distinction of bone versus 
soft tissue infl ammation       

   Table 6.3    Criteria for diagnosis of osteomyelitis using 
combined bone and gallium examinations  [  35  ]    

 Gallium uptake exceeds bone scan uptake 
 Gallium and bone scan uptake are spatially incongruent 
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91.2% for chronic osteomyelitis  [  39  ] . Meller 
et al. prospectively compared FDG PET and 
labeled leucocytes and concluded that FDG was 
superior for the diagnosis of chronic osteomyeli-
tis  [  40  ] . PET has also shown utility in evaluation 
of chronic osteomyelitis and infected prostheses 
 [  41  ] . In a meta-analysis by Termaat et al., FDG 
PET shows a pooled sensitivity of 96% and a 
specifi city of 91% for the diagnosis of chronic 
osteomyelitis  [  42  ] . In a limited number of cases, 
correlative decreases in FDG uptake and infl am-
matory activity have been reported following 
antibiotic treatment  [  43  ] , suggesting a potential 
role in tracking response to therapy, analogous 
to its current use in tumor treatment  [  37,   44  ] . 
A series of novel PET tracers are currently being 
evaluated for imaging of infection and infl amma-
tion  [  41  ] . Overall, FDG PET has shown good 
sensitivity for imaging of osteomyelitis  [  45  ] , but 
is not yet reimbursed for this indication. 

 Specifi c data on the use of FDG PET for assess-
ment of infection in the diabetic foot remains lim-
ited. Keider et al. examined 18 sites of infection in 
14 patients and demonstrated that FDG PET could 
help to precisely localize infection and could dis-
tinguish between bone and soft tissue infection in 
the diabetic foot  [  38  ] . By contrast, in a study by 
Schwegler et al. that included seven diabetic 
patients with chronic foot ulcers and biopsy-
proven osteomyelitis, FDG was positive in only 
two cases, while MRI was positive in six  [  46  ] . 

 Compared with WBC scans, FDG PET offers 
shorter examination times and obviates the need 
for drawing WBCs from the patient for labeling. 
PET is less susceptible than WBC scans to false 
negatives resulting from decreased perfusion at 
the infection site. While PET and WBC scans are 
thought to be comparable in sensitivity in the 
peripheral skeleton (where there is usually a pau-
city of hematopoietic marrow to cause spurious 
WBC activity), PET is considered more effective 
than WBC scans for detection of central foci of 
infection/infl ammation, because of physiologic 
uptake of WBCs by bone marrow in the axial 
skeleton  [  37  ] . A potential concern related to the 
use of PET in diabetic patients relates to the effect 
of chronic hyperglycemia on FDG uptake in met-
abolically active lesions  [  47  ] .  

   Newer Radiopharmaceuticals 
 A number of new radiopharmaceuticals that may 
have application in the diagnosis of diabetic foot 
infection are being investigated, but have not 
entered routine clinical practice. These include 
radiolabeled antigranulocyte antibodies, immu-
noglobulins, and antibiotics.   

   Computed Tomography 

 Computed Tomography (CT) scans can show 
fi ndings of osteomyelitis earlier than radiographs, 
but are not considered a front-line examination 
for the diagnosis of osteomyelitis, because they 
are less sensitive than MRI for soft tissue and 
osseous infection and also because, unlike MRI, 
they expose the patient to ionizing radiation. 

 CT scans use ionizing radiation to generate 
cross-sectional scans of the body. Tissues are dis-
played on a gray scale that refl ects their relative 
X-ray attenuation, a quantity that is expressed in 
Hounsfi eld units (HU). For example, Hounsfi eld 
units typically measure −1,000 for air, 0 for water, 
~ 40 for soft tissue, and  ³ 400 for bone. Most CT 
scans are now performed on multidetector scan-
ners, which allow acquisition of thinner cross-
sectional images and faster imaging times. When 
thin-section “volumetric” scans are acquired with 
a multidetector scanner, image sets acquired in 
one plane can be reformatted computationally 
into any desired imaging plane, after they have 
been acquired, e.g., images acquired axially can 
be reformatted into coronal or sagittal images. 
Image data can be postprocessed with different 
algorithms to highlight either bones or soft tis-
sues. Independent of that postprocessing, images 
can also be displayed using “bone” or “soft” tis-
sue windows. Image data can also be postpro-
cessed to highlight anatomy in different ways, 
such as maximum intensity projection (MIP 
images) to produce a CT angiogram or volume 
rendering (VR) to create a 3D display of various 
tissues. 

 CT scans are often performed using intrave-
nous iodinated contrast, in order to highlight 
 different tissues, demonstrate characteristic 
enhancement patterns of certain structures, 
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outline cysts and fl uid collections and distinguish 
them from solid masses, and depict vascular 
anatomy. In most cases, CT contrast administra-
tion is uneventful. However, some patients expe-
rience reactions after IV administration of 
iodinated contrast, with fatal anaphylactoid reac-
tions in approximately 1 in 40,000 patients  [  48  ] . 
The risk of reaction is signifi cantly reduced with 
low osmolar nonionic contrast, now in routine 
use at many institutions  [  49  ] . Use of nonioinic 
contrast also decreases the incidence of nausea, 
vomiting, hemodynamic instability, and discom-
fort or pain associated with contrast administra-
tion, effects that are relate to the osmolality of the 
contrast  [  49,   50  ] . In patients with a history of 
contrast allergy, nonionic contrast, together with 
oral methylprednisolone as a premedication, can 
be used prior to contrast administration. Patients 
with elevated creatinine (>1.5 mg/dL) and diabe-
tes (especially insulin dependent diabetes) are at 
increased risk for contrast-induced renal failure 
due to acute tubular necrosis  [  51  ] . Contrast-
induced nephropathy occurs with both ionic and 
nonionic contrast, although less frequently with 
nonionic forms. The overall incidence of con-
trast-induced renal failure is low (1–2% in 
patients with normal renal function)  [  49  ]  and the 
effect is usually brief and self-limited. However, 
the rate is signifi cantly higher in patients with 
renal failure (10% in patients with serum creati-
nine 1.3–1.9 mg/dL and up to 65% with levels 
>2 mg/dL)  [  49  ] . Moreover, contrast-induced 
renal insuffi ciency in a patient on the oral hyper-
glycemic agent dimethylbiguanide (Metformin) 
can result in fatal lactic acidosis, leading to the 
recommendation that Metformin should be with-
held prior to and following contrast administra-
tion  [  49  ] . Intravenous hydration is used as a 
preventive measure in this setting; the use of 
diuretics may be deleterious  [  52  ] . 

 Advantages of CT include high spatial resolu-
tion of CT images, superb depiction of bony 
detail and small calcifi cations, and the ability to 
image large areas of anatomy in a single, rapid 
scan. Disadvantages of CT include exposure to 
ionizing radiation and risks associated with con-
trast administration. Of note, the radiation dose 
from scanning extremities is signifi cantly less 

than that associated with scans through the torso. 
Orthopedic hardware can cause “beam harden-
ing” artifact that obscures surrounding anatomy, 
but, with newer generations of scanners, the 
effects are less pronounced than they have been 
in the past. Nonetheless, stents, dense prostheses, 
and large metallic constructs can pose problems 
for diagnostic imaging. 

 During early stages of acute osteomyelitis, 
changes may be diffi cult to detect on radiogra-
phy, but can frequently be documented on CT. 
CT is superior to radiography in detection of cor-
tical destruction (Fig.  6.9 ), periostitis, and soft 
tissue or intraosseous gas  [  53,   54  ] . CT can also 
demonstrate increased density of intraosseous 
medullary fat and blurring of soft tissue fat planes 
due to the presence of pus and edema  [  55,   56  ] . 
CT is extremely effective in demonstrating a 

  Fig. 6.9    Metatarsal osteonecrosis on CT. The second and 
third metatarsal heads are fl attened. The radiolucencies 
beneath the deformed metatarsal heads represent sub-
chondral fractures ( arrows ). CT exquisitely demonstrates 
these cortical abnormalities       
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bony sequestrum when present in chronic osteo-
myelitis (a focus of necrotic bone insulated from 
viable bone by granulation tissue). The seques-
trum appears as a dense bone spicule situated 
within the medullary cavity and surrounded by 
soft tissue density  [  7,   57  ] . CT scan is useful for 
detection of radiographically occult foreign bod-
ies, even those that are not traditionally consid-
ered radio-opaque (e.g., wood). While CT scans 
performed with intravenous iodinated contrast 
material can demonstrate soft tissues abscesses 
and necrotic tissue as areas of nonenhancement 
imaging modalities that possess superior intrinsic 
soft tissue contrast resolution, MRI and ultra-
sound are better suited to imaging of abscess col-
lections and, when necessary, can be performed 
in the absence of intravenous contrast. Thus, use 
of CT for detection of soft tissue abscess should 
be weighed against the risk of contrast-induced 
complications. Overall, the data on sensitivity or 
specifi city of CT for diagnosis of diabetic pedal 
osteomyelitis is scant. In light of concerns regard-
ing risks of ionizing radiation, allergic reaction to 
contrast, and, in particular, contrast-induced 
nephropathy, there appears to be little enthusiasm 
for using CT as a routine diagnostic test for 
osteomyelitis.   

   Ultrasound 

 Gray-scale ultrasound has very limited applica-
tion in imaging of bone and bone infection, 
because of the acoustic shadowing caused by cor-
tical bone, though ultrasound has been used to 
image soft tissue infection and subperiosteal 
abscesses and can be used to guide aspiration of 
soft tissue infection. (Duplex Doppler ultrasound 
imaging of vasculature in the diabetic foot is dis-
cussed separately below.) 

 Ultrasound images are produced using an 
ultrasound transducer to transmit and receive 
ultrasonic waves of given frequencies, by holding 
the transducer against a patient’s skin  [  58  ] . The 
amplitude of the sound that is refl ected back 
(rather than transmitted forward) is translated 
into a gray-scale image of the underlying anat-
omy. Areas of interest are described based on 

their resultant echogenicity. Areas that transmit 
ultrasound waves with negligible refl ectance, 
such as simple fl uid, appear uniformly dark and 
are termed anechoic; areas that are highly refl ec-
tive of sound waves, such as cortical bone, appear 
bright and are termed hyperechoic. Different tis-
sues, such as muscles, tendons, and nerves, when 
normal, have characteristic refl ectance patterns. 
Diagnostic ultrasonography of the foot is per-
formed using a high-frequency transducer, often 
in conjunction with a stand-off pad. 

 Ultrasound has many advantages for imaging 
the diabetic patient. Ultrasound examinations do 
not involve ionizing radiation, entail minimal 
patient discomfort, and can often be performed in 
small children without the use of sedation. 
Ultrasound can be performed in patients who 
might have contraindications to MRI and can 
often yield diagnostic examination in cases where 
orthopedic hardware might preclude successful 
imaging by MRI or CT. Ultrasound equipment is 
relatively low cost, easily transportable, and is 
more widely available than MRI in many coun-
tries. Unlike many other imaging modalities, 
ultrasound readily provides real-time imaging 
and therefore can be used to assess motion and to 
guide aspirations, biopsies, and therapeutic injec-
tions. The major—and important—disadvantage 
of ultrasound is that it requires a high level of 
operator and interpreter expertise. 

 Ultrasound is well-suited for evaluation of 
superfi cial soft tissues and for guiding aspiration 
and drainage of intra- or extra-articular fl uid col-
lections. Abscesses are seen as hypoechoic col-
lections with increased through transmission 
(i.e., the tissue deep to the abscess appears more 
echogenic than expected, because the sound 
waves are attenuated to a lesser degree by the 
fl uid in the abscess than by the soft tissue sur-
rounding the abscess) (Fig.  6.10 ). However, an 
abscess may be diffi cult to identify on ultrasound 
when its contents become proteinaceous, because 
it can then become isoechoic to the surrounding 
tissues and may fail to demonstrate enhanced sig-
nal in the tissues deep to the abscess. Similarly, 
joint effusions are often visible as hypoechoic on 
ultrasound, but may be less evident when their 
contents are complex. Even when sonography 
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demonstrates a fl uid collection, the presence or 
absence of infection within the fl uid cannot be 
established by imaging. Thus, ultrasound is often 
employed for guiding aspiration of the suspect 
fl uid collection.  

 Ultrasound is not very useful for direct evalu-
ation of osteomyelitis, particularly early osteo-
myelitis, because cortical bone causes acoustic 
shadowing that obscures the underlying bone 
 [  59  ]  (Fig.  6.10 ). In children, the use of ultrasound 
to demonstrate subperiosteal abscesses has been 
described  [  60,   61  ] . Subperiosteal abscess is a fea-
ture of osteomyelitis in children, but not adults, 
because, in children, the periosteum is more 
loosely adherent to the bone and, therefore, more 
easily displaced by pus. Subperiosteal abscess 
appears as an anechoic or moderately echoic zone 
>2 mm thick, adjacent to the bone and can be 
detected prior to changes on plain radiographs 
 [  62,   63  ] . Care must be taken not to mistake soft 
tissue abscess or soft tissue infl ammatory changes 
adjacent to bone for subperiosteal abscess  [  64  ] . 

Power Doppler sonography can be used to dem-
onstrate hyperemia surrounding a subperiosteal 
abscess, though it may not be positive in the early 
days of abscess formation  [  65  ] . Other signs asso-
ciated with osteomyelitis that may be apparent at 
ultrasound include: fi stulous communication 
between a subperiosteal abscess and the skin sur-
face, swelling and edema in muscles immediately 
overlying the infected bone, and, in advanced 
cases, frank discontinuity of cortex  [  59,   66,   67  ] . 
Ultrasound can be very useful for detection of 
foreign bodies  [  68  ]  (Fig.  6.11 ). Using ultrasound, 
an in vivo study of 50 patients with suspected 
nonradiopaque foreign bodies yielded a sensitiv-
ity of 95% and specifi city of 89% for foreign 
body detection  [  69  ] .  

 Because it can readily demonstrate musculo-
skeletal soft tissue structures and allows for accu-
rate measurement, ultrasound has been used in a 
number of studies to identify correlates for degra-
dation in biomechanical function in the diabetic 
foot. For example, D’Ambrogi et al. measured 

  Fig. 6.10    Soft tissue abscess on ultrasound. ( a ) AP 
radiograph of the foot shows soft tissue swelling adjacent 
to the fi fth metatarsal ( arrow ), but does not distinguish 
between generalized soft tissue swelling and detection of 
a focal abscess. ( b ) Gray-scale ultrasound image obtained 
in cross-section to the base of the fi fth metatarsal shows a 
complex fl uid collection in the overlying soft tissues 
( arrows ), consistent with an abscess. Simple fl uid appears 
anechoic ( dark ), but more complex components are simi-
lar in echogenicity to—and harder to distinguish from—

surrounding tissues. The bright, hyperechoic curvilinear 
line is the cortex of the bone ( arrowheads ). The dark, 
anechoic area below the cortex is caused by acoustic 
shadowing from the cortex and (routinely) precludes 
ultrasound evaluation of the medullary cavity. The small 
bright area immediately above the cortex ( curved arrow ) 
represents an orthopedic wire. The bright, hyperechoic 
area next to the bone ( asterisk ) represents enhanced-
through transmission, a sign that the tissue above it has 
fl uid content       
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the thickness of the Achilles tendon and plantar 
fascia in 61 diabetic patients (27 without neurop-
athy; 34 without) and 21 healthy volunteers and 
found signifi cant thickening of the plantar fascia 
and Achilles tendon in the diabetic patients  [  70  ] . 
The abnormalities were more pronounced in neu-
ropathic patients. Hsu and Wang et al. used ultra-
sound to compare the heel-pad mechanical 
properties in Type II diabetes patients with and 
without forefoot ulceration against healthy con-
trols and found higher energy dissipation ratios 
when exposed to a load that simulated peak stand-
ing in-shoe plantar pressures within the heel pad 
of patients with Type II diabetes. They speculated 
that this could increase risk for developing foot 
ulceration  [  71  ] .  

   Magnetic Resonance Imaging 

   Technique 
 Magnetic resonance imaging (MRI) is a primary 
modality for assessment of bone and soft tissue 
infection in the diabetic foot. Because it provides 
high intrinsic soft tissue contrast, MRI exquisitely 
depicts the full spectrum of soft tissues and can 
demonstrate radiographically occult bone mar-
row edema, without the use of intravenous con-
trast. Advantages of MRI over scintigraphy are 
precise anatomic defi nition and improved lesion 
characterization, lack of ionizing radiation, and 

shorter overall examination times. Because of its 
high sensitivity for abnormal bone and soft tissue 
edema and high negative predictive value, MRI 
can readily detect and delineate an infection’s 
anatomic location and extent of an infection and 
can exclude infection when it is absent, making it 
a useful aid for surgical planning  [  9  ]  (Table  6.4 ). 
Because of high sensitivity to marrow and soft 
tissue edema on MRI, however, it can sometimes 
be diffi cult to distinguish osteomyelitis and soft 
tissue infection from other causes of edema, such 
as fracture, early osteonecrosis, and reactive 
edema around an infection site. Postoperative 
changes can also cause marrow and soft tissue 
edema and can be impossible to distinguish from 
edema due to infection. MRI can be limited by 
artifact related to metallic hardware that can 
obscure the surrounding tissues. While patients 
with orthopedic hardware can usually be imaged, 
assessment of the area immediately surrounding 
metallic hardware is frequently limited by distor-
tion of the local magnetic fi eld. The extent of 
metal susceptibility artifact varies with the size 
and type of metal and can be minimized using 
certain imaging sequences (e.g., high-resolution 

  Fig. 6.11    Foreign body on ultrasound. Ultrasound image 
along longitudinal axis of a digit shows a small hyper-
echoic line ( arrow ) representing a small 12-mm foreign 

body. Thicker hyperechoic lines ( arrowheads ) represent 
the bony cortex, which obscures the underlying medullary 
cavity.  T  tendon,  J  joint space       

   Table 6.4    Indications for MRI in detection of infection   

 Characterize soft tissue abnormalities 
 Exclude osteomyelitis 
 Preoperative assessment 
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fast or turbo spin echo sequences). Susceptibility 
artifact is generally more pronounced with stain-
less steel and less pronounced with titanium. 
Some, but not all, external fi xation devices are 
MR-compatible. Some are ferromagnetic or para-
magnetic and might displace in the magnetic 
fi eld, so external fi xation constructs must be tested 
for magnetic susceptibility prior to imaging. 
Moreover, any metal implant can result in local 
tissue heating, so patients with metal implants 
must be able to sense and communicate discom-
fort to the MR technologist at the time of imag-
ing. MRI is contraindicated in patients who have 
pacemakers and other electronic implants, ferro-
magnetic cranial aneurysm clips, and intra-ocular 
metal. Some MRI-compatible versions of spinal 
stimulators and pacemakers have recently been 
developed, but these are not yet in common use. 
Most claustrophobic patients can be imaged with 
sedation or with the use of an open architecture 
magnet. The current generation of MRI machines, 
even when not formally described as “open” mag-
nets, are built with shorter, wider bores (“tubes”) 
and are often well-tolerated. Weight limitations 
for obese patients currently range from 300 to 
450 pounds, depending on the magnet.  

 MRI scanners produce images using a strong 
magnetic fi eld and radiofrequency (RF) waves. 
The magnetic fi eld creates an equilibrium state 
for the atoms in the body, the RF wave perturbs 
the atoms, and the scanner then records how dif-
ferent atoms respond. Clinical magnets range in 
fi eld strength from 0.2 to 3 T: the higher the fi eld 
strength, the higher the potential signal-to-noise 
and spatial resolution (anatomic detail) in the 
resultant images. A variety of open, wide-bore, 
short-bore, and dedicated extremity magnets are 
now available. In order to optimally detect the 
signal produced by tissues in response to the 
radiofrequency wave perturbation and to gener-
ate high-resolution images, local RF receiver 
coils (“coils”) are employed. Thus, for imaging 
the foot, a small diameter tubular extremity or 
foot-and-ankle coil is placed around the extrem-
ity. A typical MRI examination lasts 30–60 min, 
during which time approximately 4–8 imaging 
sequences are acquired. A sequence is a set of 
images designed to highlight specifi c tissue 

 features and can be obtained in axial, coronal, 
sagittal, or any desired orientation. Some newer 
systems can obtain a 3D sequence that can then 
be reformatted into any plane. Imaging sequences 
are described in terms of the length of their TR 
(time-to-repetition) and TE (time-to-echo) times 
and in terms of any special radiofrequency pulses 
they employ (e.g., fat saturation or inversion 
recovery pulses). Commonly used imaging 
sequences are reviewed in Table  6.5 . Anatomic 
and pathologic structures are described in terms 
of their signal intensity on a specifi c imaging 
sequence, often in relation to muscle. For exam-
ple, fat and fatty marrow appear bright on 
T1-weighted images and are described as hyper-
intense or high signal intensity on T1-weighted 
images. They are low signal on fat-saturated 
T2-weighted and STIR sequences and are 
described as hypointense or low signal intensity. 
By contrast, simple fl uid or edema is hypointense 
on T1-weighted images and hyperintense on 
T2-weighted, fat-saturated T2-weighted, and 
STIR sequences. Because gadolinium contrast 
and fat are both bright on T1-weighted images, 
contrast-enhanced images are often obtained 
using fat saturation techniques, so that fat appears 
darker and gadolinium contrast is bright. This is 
particular useful in the foot, where fatty marrow 
predominates. Optimal images are acquired by 
maximizing image signal-to-noise and using it to 
achieve high spatial resolution, based on appro-
priately small fi elds of view, thin slices, and 
smaller imaging voxel sizes. However, imaging 
at high spatial resolution requires longer imaging 
times.  

 Unlike CT, MRI provides high intrinsic soft 
tissue contrast, without the use of intravenous 
contrast agents. As a result, contrast is not 
required in order to detect changes of soft tissue 
infection or osteomyelitis—these processes 
appear as abnormal edema signal in the soft tis-
sues and bones, respectively. However, contrast 
can play a role in imaging of infection in the dia-
betic foot by delineating soft tissue and 
intraosseous abscesses, highlighting fi stulous 
tracts between ulcers and bone, and facilitating 
MR angiography. Gadolinium concentrates in 
areas of infectious or noninfectious infl ammation 
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and produces hyperintense (bright) signal on 
T1-weighted images. 

 Most contrast agents employed for clinical 
MR imaging are based on the paramagnetic ele-
ment gadolinium. Historically, gadolinium con-
trast has been better tolerated than the iodinated 
forms of contrast used for CT scans and catheter 
angiography, with lower risks of anaphylactic 
reactions and lower risk of nephrotoxicity. 

However, recently, gadolinium-based contrast 
media have been linked to the disease nephro-
genic systemic fi brosis (NSF) in patients with 
severely impaired renal function  [  73,   74  ] . NSF, 
formerly known as nephrogenic fi brosing dermo-
pathy, is a disfi guring and potentially disabling or 
fatal disorder, characterized by symmetric, 
coalescing, indurated skin plaques, that can also 
cause joint contractures and fi brosis in internal 

   Table 6.5    MRI sequences—characteristics and applications   

 Sequence  Parameters  Use  Characteristics 

 T1 weighted (Fig.  6.10 )  Short TE 
 Short TR 

 Good for 
demonstrating 
anatomy 

 Normal fat and fatty marrow is bright or 
hyperintense on T1-weighted images 

 Proton density weighted  Short TE 
 Long TR 

 Good for 
demonstrating 
anatomy 

 Similar to T1-weighted sequence, but fl uid 
and muscle are not as dark or low signal 

 T2 weighted  Long TE 
 Long TR 

 Fluid sensitive  Fluid and edema are bright or hyperintense 
on T2-weighted images, but may be hard to 
distinguish from fat, unless fat saturation is 
employed 

 Fat-saturated T2 weighted  Long TE 
 Long TR 
 ...... 
 Fat saturation 
 Pulse 

 Fluid sensitive 
(very) 

 Fluid and edema are bright or hyperintense; 
fat is dark or hypointense 
 Very sensitive screen for fl uid collections 
and for edema associated with infection or 
infl ammation 

 STIR (Fig.  6.10 )  Long TR 
 Intermediate 
to long TE 
 ...... 
 Inversion 
recovery 
pulse 

 Fluid sensitive 
(very) 

 Normal fatty marrow is dark or low signal. 
Edema and fl uid collections become bright 
or high signal 
 Very sensitive screen for fl uid collections 
and for edema associated with infection or 
infl ammation, but anatomic detail is not 
well depicted 

 Fat-saturated proton 
density weighted 

 Short TE 
 Long TR 
 ...... 
 Fat saturation 
 Pulse 

 Fluid sensitive  Normal fatty marrow is dark or low signal. 
Edema and fl uid collections become bright 
or high signal 
 Can also screen for fl uid and edema 

 T1 weighted with fat 
saturation (“fat sat”) 
(Fig.  6.11 ) 

 Short TE 
 Short TR 
 ...... 
 Fat saturation 
 Pulse 

 Gadolinium 
contrast 
sensitive 

 Gadolinium contrast appears bright or high 
signal. Abscesses and proteinaceous or 
hemorrhagic fl uid can also appear bright/
high signal. Fat and simple fl uid are dark or 
low signal 
 Obtained both before and after IV contrast 
to detect contrast enhancement. Pre- and 
postcontrast sequences can be compared 
visually or computationally subtracted 
to demonstrate enhancing areas. 
Inhomogeneous fat suppression can occur 
 When used without contrast 
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organs. The link between intravenous gadolinium 
contrast and NSF is stronger for certain gadolin-
ium formulations and seems to be dose-related 
 [  49  ] . Of note, follow-up dialysis after administra-
tion of gadolinium contrast does not appear to 
prevent NSF  [  74  ] . Due to concerns over NSF, the 
Federal Drug Administration (FDA) now recom-
mends screening patients prior to administration 
of a gadolinium-based contrast agent to identify 
individuals with acute or severe chronic renal 
insuffi ciency. In our institution, this assessment 
is made in the MRI department, prior to contrast 
administration  [  75,   76  ] .  

   Findings 
 On MR images, cellulitis appears as an ill-defi ned 
area in the subcutaneous fat that is of low signal 
on T1-weighted and high signal on STIR and 
T2-weighted sequences  [  16  ]  (Fig.  6.2 ). It can be 
seen as both strand-like reticulate pattern of high 
T2 signal extending along septae between lobu-
laes of fat and of more confl uent dense high T2 
signal. However, this signal pattern is nonspe-
cifi c and is common to both cellulitis and noncel-
lulitic edema. Gadolinium administration may 
identify uncomplicated cellulitis, which typically 
shows uniform enhancement of subcutaneous 
edema  [  15  ] . 

 Abscess presents as a focal lesion that is low 
signal on T1-weighted images and high signal on 
T2-weighted and STIR images. Without intrave-
nous gadolinium, an abscess may not be distin-
guishable from dense soft tissue edema seen in 
severe cellulitis or from soft tissue phlegmon 
 [  72  ] . Following administration of intravenous 
gadolinium, an abscess demonstrates peripheral 
or rim enhancement, demarcating the fl uid col-
lection within (Fig.  6.12 ). The enhancing rim is 
believed to correspond to granulation tissue in 
the pseudocapsule. However, rim enhancement is 
a sensitive but nonspecifi c sign for abscess and 
can be seen in necrotic tumors, seromas, ruptured 
popliteal cysts, and hematomas  [  72  ] . Pus in the 
center of the abscess can have variable signal 
intensity, depending on its contents. Simple fl uid 
will have low T1/high T2 signal, but abscesses 
often have high T1 signal content due to the pres-
ence of proteinaceous material within the fl uid. 

Like proteinaceous fl uid, hemorrhage can also 
appear high signal on T1-weighted images. 
Because this high T1 signal intensity appearance 
could be mistaken for gadolinium enhancement, 
comparison of pre- and postcontrast images 
becomes essential.  

 The diagnosis of septic arthritis is generally 
made clinically and confi rmed by percutaneous 
joint aspiration or surgery  [  15  ] . The MR appear-
ance of septic arthritis consists of joint effusion, 
often with synovial thickening, intra-articular 
debris, and surrounding reactive marrow and soft 
tissue edema. Following administration of intra-
venous gadolinium, there is intense synovial 
enhancement. Periarticular reactive marrow 
edema may demonstrate gadolinium enhance-
ment even in the absence of osteomyelitis  [  15  ] . 
This constellation of fi ndings is suggestive, but 
not specifi c for, infection and can also be seen in 
infl ammatory conditions such as rheumatoid 
arthritis and seronegative arthropathies. 

 The primary MRI fi nding in osteomyelitis is 
abnormal marrow signal that enhances  [  72  ] . The 
abnormal marrow appears low signal (dark) on 
T1-weighted images and high signal (bright) on 
fl uid-sensitive images such as fat-saturated 
T2-weighted and STIR images, typically with ill-
defi ned margins (Fig.  6.1 ; Table  6.6 ). Changes in 
marrow signal intensity can be detected as early 
as 1–2 days after onset of infection  [  25,   77  ] . 
Following intravenous administration of gado-
linium contrast, the abnormal marrow enhances 
and is seen as a bright area on the fat suppressed 
T1-weighted images. Secondary signs of osteo-
myelitis include cortical interruption, periostitis 
(seen as enhancement at the margins of the 
periosteum), and a cutaneous ulcer or sinus tract 
in contiguity with the abnormal marrow  [  15,   78  ] . 
Contrast does not identify new areas of signal 
abnormality compared with fat-saturated 
T2-weighted or STIR sequences  [  77  ] . Rather it 
helps demonstrate soft tissue and intraosseous 
abscesses and outline fi stulous tracts between 
osteomyelitis and the skin  [  77  ] . It can also distin-
guish joint fl uid from thickened synovium. 
Morrison et al. reported improved sensitivity and 
specifi city for detection of osteomyelitis, using 
gadolinium contrast—88% sensitivity and 93% 
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specifi city for contrast-enhanced studies versus 
79% sensitivity and 53% specifi city for noncon-
trast-enhanced images  [  72  ] . Sensitivity and spec-
ifi city of various secondary signs for identifying 
osteomyelitis were: sinus tracts (32%/85%), cel-
lulitis (84%/30%), soft tissue abscess (26%/74%), 
ulcers (41%/81%), cortical tract or disruption 
(86%/78%)  [  78  ] . A negative MRI effectively 
excludes osteomyelitis (Fig.  6.3 )  [  79  ] .  

 The sensitivity and specifi city of MRI for 
detection of osteomyelitis compiled from fi ve 
studies is 96% and 87%, respectively  [  80–  84  ] . 

  Fig. 6.12    Soft tissue abscess on MRI. Axial images of the 
ankle in a diabetic patient with ankle swelling. T1-weighted 
image ( a ) shows abnormal low signal posterior to the talus. 
Fat suppressed T1-weighted image ( b ) was obtained after 
IV administration of gadolinium. Note the bright enhanc-
ing peripheral rim ( arrows ) surrounding the abscess. The 

rim is slightly thickened. Central nonenhancement con-
fi rms fl uid content. Enhancement is also seen in the adjoin-
ing portion of the talus and the intervening talar cortex is 
thinned and irregular ( open arrowhead ). Because they abut 
the abscess, these fi ndings in the bone are highly sugges-
tive of osteomyelitis.  A  Achilles,  F  fi bula,  T  talus       

   Table 6.6    MRI fi ndings of osteomyelitis   

  Primary signs  
 Hyperintense (bright) marrow signal on STIR sequence 
 Hypointense (dark) marrow signal on T1-weighted 
sequence 
 Enhancing marrow on postcontrast T1-weighted 
sequence 
  Secondary MR signs  
 Periosteal reaction 
 Subperiosteal abscess 
 Periostitis (manifested by periosteal enhancement) 
 Cortical destruction 
 Ulcer 
 Sinus tract 
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Sensitivities and specifi cities for detection of 
osteomyelitis in diabetics are lower, respectively, 
82% and 80%, in large part due to neuroartho-
pathic changes  [  72,   85  ] . Ahmadi et al. identifi ed 
features that can help to distinguish between 
osteomyelitis and neuropathic arthropathy. They 
examined 128 neuropathic joints in 63 patients 
and concluded that features more indicative of 
infection were sinus tract, replacement of soft tis-
sue fat, fl uid collection, or extensive marrow 
abnormality, while features indicative of neuroar-
thropathy without infection were a thin rim of 
peripheral enhancement around an effusion, the 
presence of subchondral cysts, or the presence of 
intra-articular loose bodies. 

 Because of its high negative predictive value, 
MRI can facilitate accurate depiction of the max-
imum possible extent of marrow involvement by 
osteomyelitis. As such, MRI can help for plan-
ning of foot-sparing surgical procedures  [  72  ] . 
Marrow involvement is well-demonstrated on 
fl uid-sensitive images, such as fat-saturated 
T2-weighted or STIR sequences. 

 Its advantages notwithstanding, MRI has 
 several important limitations. MRI of the 
infected diabetic foot yields a signifi cant num-
ber of false-positive diagnoses. The kind of 
abnormal marrow signal associated with osteo-
myelitis can also be seen with neuroarthropathy, 
including silent bone stress injuries associated 
with diabetic neuroarthropathy, bone contusions, 
fractures (Figs.  6.13  and  6.14 ), and, occasion-
ally, osteonecrosis. The hyperemic phase of 
osteoarthropathy may display enhancing mar-
row edema indistinguishable from osteomyeli-
tis. Intense soft tissue infl ammation may also 
give rise to reactive edema in the adjoining bone, 
in the absence of osteomeylitis. False-negative 
contrast enhancement can occur in the setting of 
vascular insuffi ciency  [  86  ] . The utility of MR 
imaging for following response to treatment of 
osteomyelitis remains to be defi ned. Due to its 
high sensitivity for detection of soft tissue and 
marrow edema, MRI fi ndings can be expected to 
lag behind the clinical response in treatment of 
soft tissue infection and osteomyelitis. As noted 

  Fig. 6.13    Marrow edema on MRI. Sagittal images of the 
ankle show marrow edema ( asterisk ) which is ( a ) dark on 
T1-weighted image and ( b ) bright on STIR images. This 
marrow edema pattern is nonspecifi c and is similar to the 
marrow changes in osteomyelitis. However, this patient 

sustained trauma to the anterior talus and, here, the mar-
row edema represents a bone bruise. Specifi city and 
 accuracy can be improved by administration of gadolin-
ium, as osteomyelitis frequently shows marrow enhance-
ment.  C  calcaneus,  N  navicula,  T  talus,  TIB  tibia       
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above, the use of gadolinium contrast in patients 
with severe renal failure is now a contraindica-
tion to gadolinium.   

 In addition to assessment of bone and soft 
 tissue infection, there is great interest in the use 
of anatomic MRI  [  87–  89  ] , MR spectroscopy 
 [  90–  92  ] , and MR elastography  [  93  ]  to identify 
early changes of structural and metabolic pathol-
ogy in the diabetic foot.   

   Angiography 

 Angiography is indicated in diabetic patients 
with nonhealing ulcers or osteomyelitis who 
require mapping of vascular disease prior to 
endovascular or surgical treatment. Almost with-
out exception, patients with nonhealing foot 
ulcers will have severe steno-occlusive disease 
involving all three runoff vessels of the calf (ante-
rior tibial, posterior tibial, and peroneal arteries). 
In this patient population, 20% of peripheral 
bypass grafts will have to extend to a pedal artery. 
The distal anastamosis is either to the dorsalis 
pedis artery or to the proximal common plantar 

artery trunk  [  94  ] . Thus, detailed mapping of 
 arterial disease from the abdominal aorta to the 
pedal vessels is necessary. 

 Several alternative—and, in some cases, 
complementary—techniques currently exist for 
mapping the vessels in the diabetic foot: conven-
tional and digital subtraction angiography 
(DSA), MR angiography, CT angiography, and 
duplex Doppler ultrasound. These techniques 
are reviewed below. In general, vascular disease 
in diabetics tends to predilect the smaller caliber 
vessels of the distal lower extremity, which poses 
special challenges for imaging. 

   Catheter Angiography—Conventional 
and Digital Subtraction Angiography 
 Traditionally, vascular imaging has been per-
formed using conventional angiography  [  95  ] . 
Conventional angiography is an invasive proce-
dure, performed in the angiographic suite under 
fl uoroscopic (real-time X-ray imaging) guidance. 
A thin, fl exible catheter is inserted into the aorta 
or arteries, usually via a femoral artery approach. 
A relatively large bolus of iodinated contrast is 
injected into the intra-luminal catheter and rapid 

  Fig. 6.14    Stress fracture on MRI. Sagittal T1-weighted 
( a ) and STIR ( b ) MR images of the foot demonstrate cor-
tical irregularity of the mid-diaphysis of the metatarsal 
bone ( arrow ). The marrow signal is abnormal, consistent 
with a marrow edema pattern: low signal on the 
T1-weighted image and high signal on the fl uid-sensitive 

STIR image. The fracture line ( arrow ) remains dark on 
both sequences and is surrounded by bright edematous 
marrow on the STIR image. Marked soft tissue swelling 
surrounding the fracture is also better appreciated on 
the STIR images ( b ).  C  calcaneus,  N  navicular,  TIB  tibia, 
 T  talus       
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sequence radiographs are exposed. Although 
examination of the abdominal aorta and iliac ves-
sels can readily be performed with a multiside-
hole catheter in the abdominal aorta, examination 
of the femoral, popliteal, tibioperoneal, and pedal 
arteries entails placement of a catheter in the ipsi-
lateral external iliac artery. Selective catheter 
placement has the advantage of limiting contrast 
burden in a patient group predisposed to renal 
insuffi ciency. 

 Digital subtraction angiography (DSA) has 
replaced the older form of hardcopy, cut-fi lm 
angiography in most institutions  [  49  ] . DSA is 
particularly advantageous for imaging diabetic 
arterial disease, because it is superior in terms of 
demonstrating small caliber distal vessels and 
uses less contrast to do so. In DSA, a set of images 
of the limb is obtained prior to administration of 
contrast (known as a “mask”) and stored elec-
tronically. AP and lateral images are then obtained 
during administration of contrast, along the 
length of the vessels of interest, including one 
perpendicular to the interosseous membrane, that 
separates out the anterior tibial and peroneal ves-
sels. Pre- and postcontrast image sets are subse-
quently subtracted by the computer to generate a 
fi nal DSA image set that shows the intra-arterial 
contrast map. (Fig.  6.15 ). Using DSA, the inter-
ventionalist can perform rapid road-mapping of 
the vasculature during a procedure, without hav-
ing to wait for hardcopy fi lms to be developed. 
Nonionic iso-osmolar contrast agents, although 
more expensive, are typically used because they 
are associated with less pain and a lower risk of 
contrast-induced nephropathy, a risk that is higher 
in diabetic patients  [  96  ] . Newer high-resolution 
fl at panel image intensifi ers can cover larger 
fi elds of view and facilitate fewer injections and 
decreased radiation exposure. Portable and surgi-
cal suite DSA systems are available.  

 Conventional angiography, including DSA, 
remains the gold standard for arteriographic 
imaging. The major advantage of conventional 
angiography is that it provides access to perform 
not only diagnostic but also therapeutic, vascular 
procedures, including angioplasty, atherectomy, 
stenting, and thrombolysis. A well-timed study 
can provide very high spatial resolution images 

of small vessels. The major risks of the DSA 
angiography include radiation exposure, poten-
tial for bleeding, injury to the vessel wall, dis-
lodgment of embolic material, and risk of renal 
failure or allergic reaction from the iodinated 
contrast. Injury to the femoral artery access site 
can be decreased with the use of lower profi le 
catheters and sheaths and the use of ultrasound-
guidance for placing the catheter  [  49  ] . Not infre-
quently, vascular disease and slow fl ow can 
disrupt the timing of the examination, with resul-
tant failure to demonstrate the distal vessels. 
This is especially problematic when demonstra-
tion of distal vessels is the key to planning a 
bypass graft procedure. Good technique is a key 
for successful opacifi cation of the distal tibial 
and pedal arteries. 

 There are several strategies for reducing con-
trast in exposure in patients with renal insuffi -
ciency: (1) if the femoral pulse is normal, a choice 
may be made to limit angiographic imaging to 
the extremity itself, and forgoing examination of 
the aortoiliac arteries; (2) the catheter can be 
advanced distally, into the distal superfi cial fem-
oral or popliteal artery, for the injection, instead 
of performing the injection proximally, in the 
external iliac artery; (3) full strength contrast can 
be diluted with normal saline; (4) carbon dioxide 
(CO 

2
 ) can be used, instead of iodinated contrast 

for examination of the aorta and pelvis  [  49  ] .  

   MR Angiography 
 More recently, MRI has come to play a role in the 
imaging of arterial disease, in the form of MR 
angiography (MRA). MRA has the benefi t of 
providing detailed anatomic mapping of arterial 
disease while, at the same time, obviating the 
need for arterial catheter placement and associ-
ated complications. Contrast-enhanced MRA 
(CE-MRA) and noncontrast-enhanced time-of-
fl ight (TOF) MRA are the most commonly used 
techniques for performing MRA of the lower 
extremity  [  97,   98  ]  (Figs.  6.16  and  6.17 ). Phase-
contrast MRA, an alternative noncontrast-
enhanced MRA technique, has not been in 
common use, but is being currently being revis-
ited and new noncontrast-enhanced techniques are 
also being developed. Gadolinium, the contrast 
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  Fig. 6.15    Digital subtraction angiogram (DSA) of the 
lower extremity in 74-year-old diabetic man with non-
healing heel ulcer. ( a ) Images demonstrate a patent 
popliteal artery, anterior tibial artery, and tibioperoneal 
trunk. ( b ) The posterior tibial artery is occluded ( arrow ) 
and there are stenoses in the proximal anterior tibial 

and peroneal arteries. ( c ) Just above the ankle, the left 
 peroneal artery is occluded and there is reconstitution of 
a short diseased posterior tibial artery ( bracket ) from 
 collateral vessels. The dorsalis pedis (DP) artery is 
patent ( arrow ). ( d ,  e ) Images in the foot show patent 
DP ( arrows )       
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agent used in MRA, has traditionally been favored 
over the iodinated contrast used for catheter 
angiography, because of a lower incidence of 
allergic reaction and contrast-induced nephrotox-
icity. However, new concerns regarding an asso-
ciation between gadolinium administration in 
patients with renal failure and development of a 
disease called NSF have arisen.   

 Time-of-fl ight MR angiography relies on a 
noncontrast-enhanced, fl ow-sensitive MR 
sequence. Computer postprocessing of the MR 
data generates coronal, sagittal, or oblique recon-
structions that mimic the appearance of conven-
tional angiograms. TOF MRA can be time 
consuming, requiring 1–2 h to cover the distance 
from the aortic bifurcation to the distal lower 
extremity. Cardiac gating of the MR images 
improves image quality, but lengthens examina-
tion time, especially when the patient has a car-
diac arrhythmia or is on beta-blocker medication. 
TOF MRA images tend to exaggerate the degree 
of steno-occlusive disease and are prone to 
motion and metallic susceptibility artifact. 

 Gadolinium- or contrast-enhanced MRA 
(CE-MRA) relies on intravenous injection of a 
small volume of gadolinium contrast and rapid 
imaging that is timed to optimally follow the pas-
sage of the contrast bolus through the arteries. 
This technique has the advantage of short scan 
time, reduced motion, and reduced susceptibility 

artifacts. It is more accurate than TOF MRA 
examination in depicting the grade of steno-
occlusive disease and offers higher resolution in 
the distal arteries of the lower extremity  [  99, 
  100  ] . CE-MRA uses a much smaller volume of 
contrast than conventional angiography and 
therefore generates a smaller osmotic load and 
subsequently a lower incidence of nephrotoxic-
ity. However, visualization of the arteries can be 
limited by venous enhancement (Fig.  6.17 ) or by 
suboptimal arterial fi lling related to inaccurate 
timing of data acquisition. Use of new rapid 
image data-sampling techniques for CE-MRA, 
such as TRICKS (time-resolved imaging of con-
trast kinetics), can help improve imaging of arter-
ies in the foot. Specifi cally, these kinds of 
sequences help address problems with proper 
timing of the contrast bolus and reduce “venous 
contamination” of images, while improving con-
spicuity of small distal vessels. 

 In general, MR angiography achieves sensi-
tivities of 92–97% and specifi cities of 89–98% 
 [  101,   102  ]  and compares favorably to conven-
tional angiography. Both TOF and CE-MRA can 
reveal patent arteries not seen on conventional 
arteriograms  [  103,   104  ] . 3D CE-MRA is superior 
to 2D TOF MRA for detection and grading of 
peripheral arterial disease  [  104,   105  ] . Dorweiler 
et al.  [  106  ]  examined the performance of pedal 
bypass grafts to foot vessels that were detected 

  Fig. 6.16    Time-of-fl ight MR angiogram in the ankle and foot demonstrates single-vessel runoff, with patency of the 
posterior tibial artery and portions of the plantar arteries on both sides ( arrows )       
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by MRA, but occult at conventional angiography, 
in 15 patients with diabetes mellitus and severe 
arterial occlusive disease  [  106  ] . During 22-month 
mean follow-up, there was one perioperative graft 
occlusion and one major amputation, resulting in 
a secondary patency rate of 93.1% and a limb sal-
vage rate of 89.5% at 36 months. The appropriate 
clinical role of MRA in the management of arte-
rial disease in the diabetic foot is debated  [  107  ] .  

   Computed Tomographic Angiography 
 Lower extremity or peripheral computed tomo-
graphic angiography (CTA) is a relatively new 
technique for evaluation of the peripheral arterial 
tree. With the advent of multidetector CT 
(MDCT) in 1998, CT imaging became fast 
enough to allow scanning of infl ow and runoff 
vessels in the entire lower extremity, with suffi -
cient spatial resolution, in a single CT acquisi-
tion. The acquisition time for these images is on 
the order of less than 1 min  [  104  ] . The minimum 
number of channels required to generate a periph-
eral CT angiogram is provided by a 4-detector 
scanner, but later 16- and 64-detector machines 
are preferred, because they provide near-isotropic 
3D image sets, allowing reformatting of high-
quality images in any plane  [  104,   108  ] . Images 
are generated using standard intravenous CT con-
trast, injected into an antecubital vein via power 
injector. Sophisticated scanning protocols are 
employed to optimize opacifi cation in the arteries 
of interest and the scanner table is moved during 
the scan to “chase” the contrast bolus. As with 
conventional angiography, optimal timing of the 
contrast bolus is affected by cardiac function and 
by delays due to arterial pathology in the infrare-
nal aorta and lower extremity arteries. Venous 
enhancement may contaminate arteriograms 
when there is signifi cant arteriovenous shunting 
or when longer scan times are used, but, with 
good technique, this should rarely pose a diag-
nostic problem  [  104  ] . Artifactual narrowing or 
occlusion of the dorsalis pedis artery (“ballerina 
sign”) can occur with excessive plantar fl exion of 
the foot, as it can with other forms of angio-
graphic imaging  [  109  ] . CTA involves a relatively 
high radiation dose  [  110  ]  and requires large vol-
umes of contrast (150–180 CC) per run. 

 Once the initial CT angiographic images are 
acquired (Fig.  6.18a ), the data associated with 
those images can be postprocessed in order to 
generate clinically useful images (Fig.  6.18b–g ), 
but this postprocessing requires a high level of 
expertise, in order to avoid introducing postpro-
cessing artifacts that will degrade diagnostic 
accuracy. In some institutions, CT angiogram 
studies are postprocessed by specially trained 

  Fig. 6.17    Contrast-enhanced MRA for nonhealing ulcer. 
There is single-vessel runoff via the peroneal artery 
( arrow ), to the level of the ankle joint, with reconstitution 
of an attenuated dorsalis pedis artery ( arrowhead ) via col-
laterals. The proximal posterior tibial artery demonstrates 
multiple stenoses and is occluded in the mid-calf ( open 
arrow )       
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  Fig. 6.18    CT angiogram with patent vessels in woman 
with concern for claudication. ( a ) Axial image of both 
lower extremities from a CT angiogram represents the 
source image for subsequent computer-generated postpro-
cessed images. All three lower extremity runoff vessels 
are patent bilaterally, seen as small bright foci ( arrows ), 
due to administered contrast. ( b ) Maximum intensity pro-
jection (MIP) image was generated in the image process-
ing lab from a stack of source images similar to ( a ) 
acquired through the lower body. The MIP mimics a con-
ventional arteriographic display. Bilateral 3 vessel runoff 

(proximal portion) is well depicted. Based on the proto-
col, images can be extended distally. Scattered areas of 
higher density (whiter) seen along the vessels refl ects the 
presence of calcifi ed atherosclerotic plaque. ( c ) AP and 
( d ) oblique volume rendered (VR) images display the ves-
sels in relation to bony anatomy, based on Hounsfi eld unit 
density thresholds. ( e – g ) Curved planar reformatted 
images can be generated along the actual path of the ves-
sel, in order to lay out the vessel in a single plane, respec-
tively, depicting the anterior tibial, peroneal, and posterior 
tibial arteries         
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technologists in a dedicated image processing 
lab. Postprocessing techniques include MIP 
images, which mimic conventional angiography 
displays (Fig.  6.18b ). These require subtraction 
of bone from the image, at which time there is a 
risk of inadvertently removing vessels adjacent to 
bone. Volume rendering (VR) represents a form 
of 3D surface display that does not rely on sub-
traction of bone from the image (Fig.  6.18c , d). In 
VR, however, vessels can be inadvertently 
removed by choice of VR parameters. In both 
MIP and VR techniques, stents and vessel calcifi -
cations can completely obscure the vessel lumen, 

making it diffi cult or impossible to assess fl ow in 
that segment—this can limit the utility of CTA in 
approximately 60% of patients with peripheral 
arterial occlusive disease  [  108  ] . In these cases, 
source images obtained perpendicular to the ves-
sel can be useful. Curved planar reformations 
(CPRs), which are longitudinal cross sections 
generated along a predefi ned vascular center line, 
can be generated along the length of the vessel, 
regardless of its course (Fig.  6.18e–g ), but they 
require manual or semiautomated tracing of the 
vessel center line. With CPRs, artifacts mimick-
ing vessel stenosis or occlusion can occur when 

Fig. 6.18 (continued)
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the center line is not selected properly. When 
viewing CTA images, regardless of postprocess-
ing technique, care must be taken not to overesti-
mate stenosis or occlusion due to artifactual 
“blooming” of calcifi cations or stents on narrow 
viewing windows. A viewing window of at least 
1,500 HU may be required  [  104  ] . Of note, when 
there is extensive vascular calcifi cation in smaller 
crural or pedal arteries, it may be impossible to 
resolve the vessel lumen, notwithstanding proper 
window/level selection  [  104  ] .  

 There is limited data available for assessment 
of the diagnostic accuracy of CTA in the evalua-
tion of peripheral arterial occlusive disease. 
Wilmann et al. examined the use of submillime-
ter collimated 16-channel MDCT in 39 patients 
and found sensitivity of 96% and specifi city of 
97%, even in popliteo-crural branches, using an 
effective radiation dose that was lower than 
for conventional DSA  [  111  ] . To date, use of CTA 
for assessment of pedal arteries has not been 
reported. As suggested above, dense vascular 
calcifi cation can potentially reduce diagnostic 
performance on MDCT  [  104,   112  ] .  

   Doppler Ultrasound 
 In addition to its ability to provide gray-scale 
anatomic imaging, ultrasound can play an impor-
tant role in depicting blood fl ow  [  113  ] . Three 
complementary techniques for blood fl ow imag-
ing with ultrasound exist: (1) duplex Doppler 
ultrasound; (2) color fl ow imaging; and (3) power 
Doppler. These techniques are based on the 
Doppler effect: when a sound beam is refl ected 
back off a moving object, the frequency of the 
sound beam is altered, increasing in frequency 
when the object (here, red blood cells) is moving 
toward the source of the sound beam, and 
decreasing when the object is moving away. The 
change in frequency is proportional to the veloc-
ity of the object and is greatest when the sound 
beam travels parallel to the vessel. Because 
Doppler measurements capture information 
about the velocity of blood fl ow, quantitative 
assessment of the severity of stenosis can be 
obtained, based on peak systolic and end- diastolic 
velocity measurements. Higher peak systolic 
measurements indicate more severe stenoses 

 [  114  ] . Using this technique, stenosis is graded as 
the ratio of peak systolic velocity of the target 
vessel divided by [the velocity in the adjacent 
nonstenosed vessel minus the peak systolic 
velocity ratio]. Findings are recorded on an ana-
tomic diagram, creating a visual map of the vas-
cular pathology. Doppler wave form analysis 
refers to depiction of the  pattern  of arterial blood 
fl ow, based on Doppler frequency shift. Patent 
arteries show a normal triphasic fl ow pattern. 
However, with increasing stenosis, the wave 
form fl attens (Fig.  6.19 ). In duplex Doppler, the 
gray-scale ultrasound image of the vessel and the 
vascular waveform are depicted together 
(Fig.  6.20 ). Duplex Doppler ultrasound can be 
used to image arteries and veins, to assess the 
severity and extent of peripheral artery disease, 
and to identify pedal arteries for bypass. Color 
Doppler images depict the frequency shift data 
as a color spectrum that encodes both directional 
and velocity information. In color Doppler 
images, red and blue colors are superimposed on 
gray-scale anatomic images of vessels, to indi-
cate, respectively, fl ow toward and away from 
the transducer. Color Doppler images are often 
used in conjunction with duplex Doppler to aid 
in visualizing vessels. Doppler measurements 
and resultant images may be degraded by alias-
ing artifacts, either when the sampling frequency 
is too low or the angle of incidence between the 
sound beam and the vessel are too low. The third 
technique, power Doppler, is more sensitive to 
blood fl ow than color Doppler, allowing it to 
show smaller vessels and slower fl ow rates. 
Power Doppler scans assign color to fl ow, inde-
pendent of its direction. Because of its high sen-
sitivity, power Doppler can demonstrate fl ow 
associated with infl ammation and neovascular-
ity, such as infl ammation associated with soft tis-
sue infection and in soft tissues adjacent to 
osteomyelitis. Power Doppler can also help to 
distinguish between phlegmon and abscess, 
based on the lack of fl ow within the center of an 
abscess. With power Doppler, artifactual “fl ow” 
can occur with movement of the transducer or 
body part and false-positive and -negative fi nd-
ings can occur if the ultrasound machine’s 
 settings (color gain) are not properly set.   
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  Fig. 6.19    Doppler wave from analysis in 62-year-old 
with right great toe ulcer and cellulitis. Arterial wave-
forms were evaluated using Doppler ultrasound at stan-
dardized sites along the ipsilateral lower extremity. While 

a normal triphasic wave pattern was observed in the femo-
ral and popliteal vessels, a monophasic wave pattern was 
observed in the posterior tibial and dorsalis pedis vessels, 
indicating intervening stenosis       
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 Advantages of Doppler ultrasound are similar 
to those of ultrasound in general: the examination 
is noninvasive, avoids the hazards of an arterial 
puncture, does not require ionizing radiation or 
administration of nephrotoxic or allergenic con-
trast agents, and is generally well-tolerated by a 
variety of patients. Ultrasound is also less costly 
than preprocedure diagnostic angiography. 
Disadvantages of Doppler ultrasound include: 
operator dependence of the examination, rela-
tively lengthy examination time, and limited abil-
ity to ensure that the entire area of interest has 
been imaged  [  104  ] . Mural calcifi cation can cause 
acoustic shadowing and interfere with accurate 
measurement  [  115  ] . In practice, accurate Doppler 
measurements require a vascular laboratory with 
suffi cient experience and attention to quality con-
trol. In the future, the use of ultrasound intravas-
cular agents may contribute to improved imaging, 
but clinical utility of these techniques in the dia-
betic foot remains to be established  [  116  ] . 

 Duplex ultrasound examination can be used 
for noninvasive preoperative planning of re-vas-
cularization procedures in diabetic patients  [  115, 
  117  ] . Ultrasound can be used to map occlusions 
for length and stenosis, based on velocity profi les 
 [  115  ] . Though a complete discussion of the fi eld 
is beyond the scope of this chapter, a number of 
studies have demonstrated the utility of duplex 
Doppler ultrasound in this setting. Doppler ultra-
sound interrogation can be performed with high 
degree of sensitivity and specifi city in aortoiliac 
and femoropopliteal segments  [  117  ] . Duplex 
imaging of tibial vessels requires greater operator 
skill than imaging of larger, more proximal ves-
sels, but can reliably identify stenosis and 
occluded segments and, in some cases, may be 
superior to angiography  [  118  ] . Hofmann et al. 
examined the use of preoperative high-frequency 
duplex scanning of potential pedal target vessels 
 [  119  ] . They studied 33 consecutive diabetic 
patients suffering from critical limb ischemia, 

  Fig. 6.20    Duplex Doppler examination at popliteal 
artery. The gray-scale ultrasound image of the popliteal 
artery ( thick arrow ) is used to position the cursor for the 
measurement. Here, Color Doppler is being superimposed 
on the vessel to help highlight the artery and arterial fl ow 
velocities. The popliteal artery waveform generated by the 

measurement is shown below. A cursor is placed at the 
height of the waveform peak ( thin arrow ) and yields a 
peak fl ow rate of 83 cm/s, with no evidence of stenosis. 
Duplex Doppler ultrasound can be used to generate data 
like this long the length of a vessel, in order to map the 
site, length, and severity of stenoses       
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with indications of infra-popliteal occlusive dis-
ease, using a 13 MHz ultrasound probe, and 
attempted to identify the pedal target vessel best 
suited for surgery, based on inner diameter, 
degree of calcifi cation, maximal systolic veloc-
ity, and resistive index. Results of Duplex scan-
ning were compared with (1) results of selective 
digital subtraction arteriography (DSA) and con-
trast-enhanced MRA interpreted by two radiolo-
gists; (2) the site of distal anatamosis predicted 
by a vascular surgeon based on the MRA and 
DSA; (3) the defi nitive side of distal anastamosis; 
and (4) early postoperative results. They found 
that Duplex scanning depicted signifi cantly more 
pedal vascular segments than selective DSA, with 
relatively high agreement between the duplex 
ultrasound prediction and the defi nitive site of 
anastamosis (kappa 0.82). Levy et al. examined 
105 consecutive lesions angioplastied among 56 
patients undergoing 60 endovascular procedures, 
including aortoiliac, infra-inguinal, and bypass 
graft lesions. Of these procedures, completely 
noninvasive evaluation was accomplished in 43 
procedures (73%), either by means of duplex 
scanning ( n  = 11, 18%) or by means of MRA 
( n  = 32, 53%)  [  120  ] . The fi ndings at noninvasive 
examination were confi rmed at intraoperative 
angiography and no additional lesions were iden-
tifi ed. ABI and mean limb status category both 
showed signifi cant improvement. The noninva-
sive approach was less expensive compared with 
preprocedural contrast angiography, with $551 
saved for each duplex scanning case and $235 
saved for each MRA case (not including the $144 
cost of postprocedure short-stay unit time 
required for diagnostic arteriogram).  

   Angiography Summary 
 Multiple modalities are now available for angio-
graphic imaging of the lower extremity in the dia-
betic patient. Catheter angiography, now primarily 
performed using DSA, is considered the gold 
standard, because it provides the highest potential 
spatial resolution, including, in particular, spatial 
detail in the smaller crural and pedal vessels. 
Catheter angiography carries risks associated 
with an invasive technique, but provides the 

opportunity to combine the diagnostic study with 
defi nitive treatment of certain kinds of arterial 
stenoses. MRA, CTA, and duplex Doppler ultra-
sound provide noninvasive alternatives for angio-
graphic imaging and continue to improve their 
capacity to image subtle disease and small ves-
sels. All types of angiographic imaging are reli-
ant on achieving optimal technique in generating 
and postprocessing of images, in order to attain 
the highest level of diagnostic accuracy. While 
the MR contrast, gadolinium, has traditionally 
been favored over iodinated contrast agents for its 
low rate of allergic reaction and low incidence of 
nephrotoxicity, new concerns about the associa-
tion of NSF with the use of certain gadolinium 
contrast agents in patients with renal insuffi ciency 
have limited its use in patients with renal failure.    

   Osteomyelitis Versus 
Neuroarthropathy 

 Differentiation between osteomyelitis and neu-
roarthropathy is often diffi cult. Certain neuroar-
thropathic changes resemble osteomyelitis. In 
order to better understand the similarities and dif-
ferences, imaging characteristics of neuroar-
thropathy will be presented here. A more complete 
discussion of neuro-osteoarthopathic changes is 
provided in another chapter of this book. 

   Neuroarthropathy 

 Loss of both pain and proprioceptive sensation is 
believed to predispose to repetitive trauma, lead-
ing to diabetic neuroarthropathy  [  15  ] . Though 
potentially devastating, the incidence of neuro-
pathic joints in the diabetic is surprisingly low, 
reported to be 0.1–0.5%. The joints of the fore-
foot and midfoot are commonly involved. The 
distribution of neuroarthropathy in diabetic 
patients is 24% in the inter-tarsal region, 30% in 
the tarsometatarsal region (Fig.  6.21 ), and 30% in 
the metatarsophalangeal joints. Abnormalities of 
the ankle (11%) and interphalangeal (4%) joints 
are less frequent  [  121  ] .  
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 Two classic forms of neuroarthropathy, atro-
phic and hypertrophic, have been described 
 [  122  ] . The atrophic form, representing the acute 
resorptive or hyperemic phase, is characterized 
by osseous resorption and osteopenia. This form 
frequently appears in the forefoot and the meta-
tarsophalangeal joints, leading to partial or 
complete disappearance of the metatarsal heads 
and proximal phalanges. Osteolytic changes 
produce tapering or “pencil-pointing” of pha-
langeal and metatarsal shafts. Marrow changes 
in the atrophic or hyperemic form show hypoin-
tense T1 and hyperintense STIR and mimic the 
changes seen in osteomyelitis. The hypertrophic 
form, representing the healing or reparative 
phase, is characterized by sclerosis, osteophyto-
sis, and radiographic appearance of extreme 
degenerative change (Fig.  6.21 ). In its early 
phase, the hypertrophic form of neuroarthropa-
thy may be confused with osteoarthritis. 
Concurrent osseous fragmentation, subluxation, 
or dislocation predominates in the inter-tarsal 
and tarsometatarsal joints. Ruptured ligaments 
in the mid- and forefoot cause dorso-lateral dis-
placement of the metatarsal bones in relation to 
the tarsal bones. This classic fi nding resembles 
an acute Lis-Franc fracture-dislocation 
(Fig.  6.22 ). Disruption of the talonavicular and 
calcaneocuboid joints causes collapse of the 

longitudinal arch, with subsequent plantar dis-
placement of the talus. These changes produce 
the classic “rocker-bottom” deformity  [  123  ] . 
Recognition of this deformity is important 
because it creates new pressure points that lead 
to callus formation and ulceration (Fig.  6.23 ). 
Attempts to classify neuropathic joints into the 
two classic forms may be diffi cult, as a mixed 
pattern, composed of both forms, occurs in 40% 
of neuropathic joints  [  124  ] .    

   Osteomyelitis Versus Neuroarthropathy 

 Other than the characteristic fi ndings of diffuse 
dark marrow signal on T1-, STIR and T2-weighted 
MR images associated with hypertrophic neu-
roarthropathy (versus high T2 and STIR signal 
seen in osteomyelitis), there is no easy method of 
distinguishing between osteomyelitis and neu-
roarthropathy. Secondary fi ndings such as 
involvement of the midfoot and multiple joints, 
absence of cortical destruction, presence of small 
cyst-like lesions, and distance between soft tissue 
infection and bone changes favor a diagnosis of 
neuroarthropathy (Table  6.7 )  [  15  ] . By contrast, 
osteomyelitis favors the toes or metatarsal heads, 
and is associated with focal cortical lesions and 
close proximity to the ulcer.    

  Fig. 6.21    Hypertrophic form of neuroarthropathy. ( a ) 
AP and ( b ) lateral radiographs show hypertrophic changes 
in the medial midfoot ( arrows ), centered about the tarso-
metatarsal joint. There is bony proliferative change, 
increased density and nonaggressive periosteal new bone 

formation ( arrowheads ) in the fi rst and second metatarsal 
bones, and increased density in the corresponding cunei-
forms. In its early phase, this form of neuroarthropathy 
may be confused with osteoarthritis. Note soft tissue 
swelling, with effacement of fat planes       
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  Fig. 6.23    Rocker-bottom deformity and ulceration at 
focus of high plantar pressure on MRI. ( a ) Sagittal 
T1-weighted and ( b ) STIR images show disruption of the 
talonavicular joint causing collapse of the longitudinal 
arch. These changes produce the classic “rocker-bottom” 

deformity. This deformity is important because it creates 
new pressure points that lead to callus and ulcer formation 
( arrow ). The diffuse marrow edema associated with neu-
roarthropathy of the tarsal bones mimics osteomyelitis. 
 T  talus,  CU  cuboid,  C  calcaneus,  TIB  tibia       

  Fig. 6.22    Midfoot deformity related to neuroarthropathy. 
( a ) Lateral radiograph demonstrates collapse of the usual 
longitudinal arch of the foot. Progression can result in 

extreme “rocker-bottom deformity.” ( b ) AP view shows 
Lis-Franc malalignment ( arrow ) as well as disruption of 
the navicular-cuneiform articulations       
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   Imaging Algorithm: Approaches 
to Diagnosis of Pedal Osteomyelitis 
in the Diabetic Patient 

 A suggested algorithm for imaging pedal osteo-
myelitis in the diabetic patient is presented in 
Fig.  6.24 .  

   Soft Tissue Ulceration Exposing Bone 

 When the soft tissue ulcer exposes bone, no imag-
ing is needed to confi rm the diagnosis of osteo-
myelitis. Radiography is appropriate to provide a 
baseline and to document bone complications  

   Soft Tissue Infl ammation (Ulcers and/or 
Cellulitis) with No Exposed Bone 

 Radiographic fi ndings are used to further sepa-
rate the patients into two groups. If the radio-
graphs are normal and the clinical suspicion for 
osteomyelitis is high, a three phase bone scan can 
effectively detect or exclude osteomyelitis. MRI 
or labeled leukocyte study is an acceptable alter-
native  [  24  ] . A gallium scan may replace labeled 
leukocyte study if the latter is not available  [  125  ] . 
Unlike plain radiographs, these modalities should 
become positive in the fi rst few days of infection. 

In light of their high sensitivity, these studies pro-
vide a high negative predictive value for osteo-
myelitis. If the bone scan is equivocal, 
supplementary imaging with either MRI or 
labeled leukocyte scans is required. 

 When the radiographs are abnormal, showing 
neuroarthropathic, degenerative, or traumatic 
changes, either labeled leukocyte scan or MRI is 
acceptable. The choice depends on the location 
of the suspected osteomyelitis. If the infl amma-
tion is in the forefoot, an indium leukocyte study 
effi ciently identifi es osteomyelitis. By contrast, 
when the infection is in the mid- or hindfoot, 
MRI adequately separates bone from soft tissue 
infl ammation.   

   Conclusion 

 Imaging plays an important role in the assessment 
of the diabetic patient with foot problems. Nuclear 
medicine and MRI techniques detect osteomyeli-
tis, characterize various soft tissue abnormalities, 
and depict the extent of bone involvement. Digital 
subtraction angiography and noninvasive angio-
graphic studies can be used in complementary 
fashion to evaluate lower extremity arterial anat-
omy and pathology. Nevertheless, distinguishing 
osteomyelitis from coincident neuropathic change 
remains a challenge. Only with an understanding 

   Table 6.7    Osteomyelitis versus neuroarthropathy   

 Favors osteomyelitis  Favors neuroarthropathy 
  Radiography  
 Location 
 Cortical destruction 
 Proximity to soft tissue ulcer 

 Forefoot, metatarsal heads, and toes 
 Discrete cortical lesion 
 Beneath or close to the ulcer or soft 
tissue infection 

 Mid foot 
 Absent 
 Some distance from soft tissue infection 
or ulcer 

  MR  
 Signal characteristics 
of the abnormal marrow 
 Cysts 

 Hyperintense STIR or T2 marrow 
signal (This signal pattern is 
nonspecifi c and overlaps the 
hyperemic form of neuroarthropathy 
and acute fracture) 
 Not common in osteomyelitis 

 Hypointense marrow signal on all T1, T2, 
and STIR sequences (This signal pattern 
corresponds to the hypertrophic form of 
neuroarthropathy) 
 Well marginated cyst-like lesions, 
hypointense on T1 and hyperintense on T2 
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of the specifi c strengths and weaknesses of each 
modality, as they apply to the particular clinical 
problem in question, can this wide variety of 
imaging studies be utilized in an effective and 
effi cient manner.      
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