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ABSTRACT
Purpose: To test the hypothesis that regional variations in supraspinatus tendon
vascularity exist and can be imaged and quantified in asymptomatic individuals by
using contrast material–enhanced ultrasonography (US).
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Materials and Methods: After institutional review board approval and informed
consent were obtained, 31 volunteers aged 22–65 years (mean age, 41.5 years)
underwent lipid microsphere contrast-enhanced shoulder US performed with an L84 transducer operating in contrast harmonic mode and a mechanical index of 0.07 in
a HIPAA-compliant protocol. Images were obtained in the volunteers at rest and
after exercise. Quantitative analysis was performed by using the time-enhancement postcontrast data derived from four regions of
interest (ROIs): bursal medial, articular medial, bursal lateral, and articular lateral. Two 2-minute acquisitions were performed after
each contrast material bolus. Baseline enhancement and peak enhancement for each ROI were estimated from these acquisitions.
Baseline gray-scale and power Doppler US images of the supraspinatus tendon were obtained by using an L12-5 transducer. The
Mann-Whitney nonparametric test was used to test for significant differences between ROIs in all volunteers.
Results: In the volunteers at rest before exercise, significant variations in regional enhancement between the articular medial zone
and both the bursal medial zone (P = .002) and the bursal lateral zone (P = .003) were observed. Differences in enhancement
between the articular medial and articular lateral zones approached significance. Greater differentiation (P < .001) was observed
http://radiology.rsnajnls.org/cgi/content/full/2483071400v1 (1 of 12)7/23/2008 10:30:14 AM
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after exercise, with a significant increase in apparent enhancement in each ROI in all volunteers.
Conclusion: This study revealed the spatial distribution of the blood supply to the supraspinatus tendon in asymptomatic
individuals. The addition of exercise to the protocol resulted in a significantly increased level of enhancement compared with that at
rest and enabled more sensitive assessment of intratendinous and peritendinous vascularity.
Supplemental material: http://radiology.rsnajnls.org/cgi/content/full/2483071400/DC1
© RSNA, 2008
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Chronic rotator cuff tendinopathy and tearing have been associated with extrinsic
ABSTRACT
subacromial impingement and intrinsic degenerative changes, among other factors.
INTRODUCTION
These other factors include both intrinsic biologic factors, such as the role of matrix
MATERIALS AND METHODS
metalloproteinase expression, and morphologic factors, such as tendon vascularity
RESULTS
(1–6). The hypothesis that there is an association between rotator cuff disease and
DISCUSSION
ADVANCES IN KNOWLEDGE
tendon vascularity is based on the results of cadaveric studies that have
IMPLICATIONS FOR PATIENT CARE
demonstrated a region of hypovascularity at the articular surface of the distal aspect
References
of the supraspinatus tendon, or the so-called critical zone (7–10). The agedependent alterations that occur in the blood supply to the rotator cuff and the role
of this supply in the origin of rotator cuff disease have not been definitively established in vivo. A study involving the use of
orthogonal polarization microscopy at arthroscopy revealed a significant decrease in the microcirculation adjacent to rotator cuff
lesions (11).
The potential role of vascularity in the pathogenesis of rotator cuff tendinopathy requires further study, as it may have important
implications for understanding the natural history of the disease and the development and application of surgical and biologic
interventions. Methods currently used to image the rotator cuff in vivo include magnetic resonance (MR) and ultrasonography (US);
however, methods of looking specifically at the microcirculation have been limited (12,13). Before now, to our knowledge, there
was no diagnostic modality with the capability to noninvasively and reliably depict the vascular anatomy of the rotator cuff
dynamically in vivo in asymptomatic individuals. This study was designed to test the hypothesis that regional variations in
supraspinatus tendon vascularity exist and can be imaged and quantified with contrast material–enhanced US in asymptomatic
individuals.

MATERIALS AND METHODS
TOP

Demographic Data
ABSTRACT
After institutional review board approval was obtained, 31 volunteers (13 men, 18
INTRODUCTION
women; mean age, 41.5 years; age range, 22–65 years) underwent lipid
MATERIALS AND METHODS
microsphere (perflutren, Definity; Bristol-Meyers Squibb, North Billerica, Mass)
RESULTS
contrast-enhanced US of a randomly selected shoulder (14,15). Sixteen volunteers
DISCUSSION
were younger than 40 years, and 15 were older than 40 years. Exclusion criteria
ADVANCES IN KNOWLEDGE
included a history of shoulder abnormality, tobacco use, or cardiovascular disease
IMPLICATIONS FOR PATIENT CARE
References
and a partial-thickness rotator cuff tear involving more than 50% of the thickness of
the tendon. Informed consent for this Health Insurance Portability and
Accountability Act–compliant study was obtained from all volunteers before contrast material administration. The contrast agent
was obtained for off-label use with funds provided by grant support. The US examinations were performed between December 2005
and April 2006.
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US Imaging
To optimally visualize the intratendinous blood flow to the supraspinatus tendon, US images were obtained at baseline, after
contrast material administration with the volunteer at rest, and after contrast material administration after the volunteer had
exercised. Anatomic baseline gray-scale and power Doppler images of the supraspinatus tendon were obtained by using an L12-5
phased-array linear transducer and an IU22 US scanner (Philips Medical Systems, Bothell, Wash) (Fig 1). To visualize the
supraspinatus tendon, scanning was performed with the arm in internal rotation and mild hyperextension. Images were obtained in
the long axis of the tendon to enable visualization of the myotendinous junction, the articular portion of the tendon, and the footprint
at the greater tuberosity (13). During baseline scanning, a surgical marker was used to place marks on the skin surface to help
reproduce the transducer position. The low-flow settings on the scanner were used to obtain power Doppler images to discern any
baseline vascularity and to serve as a reference imaging plane for observation. All scanning examinations were performed by one
sonographer (R.S.A.), who is a musculoskeletal radiologist with 19 years experience. Two additional investigators—an orthopedic
fellow (J.R.R. or A.P.) and a staff orthopedic surgeon (S.F.)—were present during each examination. One of the additional
investigators administered the contrast material and monitored the volunteer, while the second was present as an observer.
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Figure 1a: (a) Supraspinatus tendon depicted on normal long-axis gray-scale US
image in 32-year-old asymptomatic man. The tendon is echogenic with a convex
margin and is inserting onto the greater tuberosity (GT). Humeral head (HH),
peribursal fat (pbf), and deltoid muscle are labeled. Peribursal fat is a thin
echogenic line below the hypoechoic deltoid muscle. Green arrow points to
subdeltoid bursa, which appears as a thin hypoechoic line deep to the peribursal
fat. A small cortical depression (white arrow) points to the anatomic neck. (b)
Baseline long-axis power Doppler US image of supraspinatus tendon obtained by
using low-flow setting in 64-year-old asymptomatic man shows two peribursal
vessels and no intratendinous vessels. Low level of background noise (color) is
evident. The large vessels (far left) were persistent findings when observed in real
time. The remaining tiny flecks of orange, likely representing noise, were
inconsistent during real-time observation. Redder hues correspond to greater
intensity of the Doppler signal. Number scale at right is in centimeters.

Figure 1b: (a) Supraspinatus tendon depicted on normal long-axis gray-scale US
image in 32-year-old asymptomatic man. The tendon is echogenic with a convex
margin and is inserting onto the greater tuberosity (GT). Humeral head (HH),
peribursal fat (pbf), and deltoid muscle are labeled. Peribursal fat is a thin
echogenic line below the hypoechoic deltoid muscle. Green arrow points to
subdeltoid bursa, which appears as a thin hypoechoic line deep to the peribursal
fat. A small cortical depression (white arrow) points to the anatomic neck. (b)
Baseline long-axis power Doppler US image of supraspinatus tendon obtained by
using low-flow setting in 64-year-old asymptomatic man shows two peribursal
vessels and no intratendinous vessels. Low level of background noise (color) is
evident. The large vessels (far left) were persistent findings when observed in real
time. The remaining tiny flecks of orange, likely representing noise, were
inconsistent during real-time observation. Redder hues correspond to greater
intensity of the Doppler signal. Number scale at right is in centimeters.

Initially, a baseline anatomic scan was obtained with the L12-5 transducer to confirm an intact rotator cuff; subsequently, a 20gauge intravenous catheter was placed in the contralateral arm. The volunteer was then administered a 4-mL bolus of a 1:10 salinediluted preparation of the lipid microsphere contrast material (perflutren), which was followed by a 10-mL normal saline flush.
After contrast material administration, scanning was performed by using an L8-4 transducer (Philips Medical Systems) operating in
contrast harmonic mode and a mechanical index of 0.07 (13). Four-minute images (two 2-minute cine loops) were obtained after
each bolus and transferred to a digital video disc by using the lowest level of image compression allowed for off-line US
quantification and analysis (QLAB; Philips Medical Systems) with the given scanner configuration. All images were acquired in
http://radiology.rsnajnls.org/cgi/content/full/2483071400v1 (3 of 12)7/23/2008 10:30:14 AM
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gray scale; this permitted use of the full spatial and temporal resolution of the scanner. Image acquisition was initiated at the time of
bolus injection and usually resulted in a delay of approximately 20–30 seconds before the onset of contrast enhancement.
After a 10-minute rest period, the volunteer participated in an exercise protocol for optimal depiction of the vasculature of the
supraspinatus tendon. Exercise consisted of two sets of 20 repetitions of forward elevation in the plane of the scapula with a 5-lb
weight. Postexercise scanning was then performed (similar to the postexercise at-rest examination) after the administration of an
additional 4-mL bolus of the saline-diluted lipid microsphere preparation, which was followed by a 10-mL normal saline flush.
Image Analysis
Qualitative and quantitative image analyses were performed by examining four regions of interest (ROIs) (bursal medial, articular
medial, bursal lateral, and articular lateral regions) with use of US quantification and analysis software (QLAB) (Fig 2). The
sonographer (R.S.A.) placed the ROIs during off-line analysis, with the requirement that each ROI be kept within the selected
anatomic region during the enhancement phase. The images were transferred as a 1280 x 1028 matrix for qualitative and
quantitative analyses, with the smallest ROI estimated to contain approximately 104 data points. Each 2-minute acquisition included
approximately 1200 time points. QLAB is a previously validated software that is used in conjunction with tumor imaging after US
contrast material administration and thereby enables the delineation of time-enhancement curves within a specified ROI (16). This
software does not include motion compensation functions. However, it is possible to remove selected portions of the acquired data
when there is translation of the relevant anatomy outside of a selected ROI. This was the case during the early part of our study,
which involved examination of the first seven volunteers and during which there was a learning curve in terms of the best way to
advise the volunteers on how to adjust their respiration, limit their speaking, and secure the transducer.

Figure 2: ROIs used for QLAB analysis in 32-year-old asymptomatic man. Bursal
medial (BM), bursal lateral (BL), articular medial (AM), and articular lateral (AL)
ROIs are shown. The plane of the anatomic neck (arrow) and a median line
through the tendon were chosen as approximate boundaries to divide the tendon
and the peribursal soft tissues into four quadrants. Number scale at right is in
centimeters.
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The anatomic neck served as a demarcation between the medial and lateral boundaries of the supraspinatus tendon. An
approximately median line through the long axis of the tendon separated the bursal surface from the articular portion and footprint
of the tendon. The bursal ROIs included the adjacent peritendinous bursal vessels. Baseline enhancement and peak enhancement
were estimated for each ROI. Resultant data were assessed and expressed as values of baseline background-corrected normalized
enhancement (in decibels per square millimeter) in each ROI. The obtained data were spatially averaged within each ROI to
facilitate noise reduction. We also introduced a component of temporal averaging by choosing the peak values of the trend line
between 1 and 3 minutes. Horizontal trend lines were drawn through the baseline and peak portions of the time-enhancement curves
from which the peak and baseline values were estimated. This typically included data collected within at least 5 seconds
(approximately 50 points [Fig 3]).
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Figure 3: Example of trend behavior observed at off-line QLAB analysis of US
data obtained in 32-year-old asymptomatic man. A 5-mm square ROI (green box)
is placed within the articular portion of the supraspinatus tendon after exercise and
contrast material administration. The data obtained within 60 seconds of a 2minute acquisition are displayed and indicate a baseline enhancement value of
approximately 10 dB, which increases to an approximate peak of 26 dB in the
trend line, as delineated by the white horizontal trend lines (bottom). Yellow box
depicts the first frame of the 2-minute acquisition. In this example, the backgroundcorrected peak enhancement is estimated to be 16 dB. The horizontal trend lines
cover an approximately 5-second interval, which involves approximately 50
temporal data points. The image matrix is 1280 x 1024, so the smallest ROI—an
example of which is shown here—involves as many as 104 pixels from which the
spatial average is determined. Measurements are normalized to the area within the
ROI and are expressed in decibels per square millimeter. Red horizontal spectrum
at bottom depicts the time-enhancement curve for the depicted ROI for the total
time (abscissa) represented in this data set.

The data were subsequently assessed for patterns of anatomic enhancement to address the principal hypothesis of the current work
(described earlier). As a secondary goal, we sought to determine whether any patterns based on age and sex could be discerned.
Owing to the small numbers of volunteers in each age-based cohort, a detailed evaluation by decade was not feasible. However,
gross patterns of separation were determined in terms of sex and age (with use of age threshold of 40 years). No volunteers had
adverse reactions to the contrast agent according to blood pressure, heart rate, and pulse oximetry measurements and follow-up
telephone calls 48 hours later.
Statistical Analyses
Data obtained for descriptive statistical analysis consisted of means and standard deviations for continuous variables and frequency
counts and percentages for discrete variables. Inferential analysis was performed by using Kruskal-Wallis nonparametric analysis of
variance with post hoc Wilcoxon signed rank nonparametric tests. Nonparametric analyses were selected owing to concerns
regarding the likelihood of nonnormal data distributions. P < .05 was considered to indicate a significant difference. All statistical
analyses were performed by using SPSS for Windows, version 13.0, software (SPSS, Chicago, Ill).

RESULTS
TOP

Imaging
ABSTRACT
Baseline power Doppler US images showed a peribursal vessel in all cases (Fig 1).
INTRODUCTION
In no case was intratendinous vascularity observed. At baseline contrast harmonic
MATERIALS AND METHODS
imaging, the deltoid muscle and supraspinatus tendon were hypoechoic, with bright
RESULTS
linear echoes that corresponded to portions of the greater tuberosity, peribursal fat,
DISCUSSION
and perimysial connective tissue of the deltoid muscle (Figs 4, 5). The residual
ADVANCES IN KNOWLEDGE
IMPLICATIONS FOR PATIENT CARE
bright reflectors presumably were due to incomplete subtraction resulting from
References
slight misregistration or to strong stationary tissue contributions of the second-order
harmonic component. Approximately 20–30 seconds after contrast material
administration, the reference peribursal vessel—in addition to more extensive peribursal, muscular, and intratendinous branches—
became apparent. An example of typical temporal behavior during an acquisition is shown in Figure 3. After exercise, overall
enhancement within the tendon and the adjacent peribursal soft tissues increased (Figs 4, 5) (Movies 1 and 2, http://radiology.
rsnajnls.org/cgi/content/full/2483071400/DC1).
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Figure 4a: Contrast harmonic images obtained in 32-year-old asymptomatic man
by using pulse-inversion harmonics technique to exclude the primary frequency
backscatter to the transducer. (a) On baseline long-axis contrast harmonic image,
most of the internal echoes of the tendon are suppressed owing to use of the pulseinversion technique. Only the most strongly reflecting surfaces, such as the cortical
surface, peribursal fat, and subcutaneous fat, contribute to the observed gray-scale
image. (b) After intravenous administration of contrast material and before cuff
activation (exercise protocol), a single intratendinous peribursal vessel (arrow) is
apparent. Ill-defined increased enhancement in the peribursal soft tissues is
suggested, with a persistent hypoechoic area centrally at the level of the anatomic
neck. (c) After cuff activation, there is marked enhancement of the tendon and the
deltoid muscle. Note the persistent area of relative diminished flow at the articular
portion of the tendon; this region corresponds to the area of low flow in b.

Figure 4b: Contrast harmonic images obtained in 32-year-old asymptomatic man
by using pulse-inversion harmonics technique to exclude the primary frequency
backscatter to the transducer. (a) On baseline long-axis contrast harmonic image,
most of the internal echoes of the tendon are suppressed owing to use of the pulseinversion technique. Only the most strongly reflecting surfaces, such as the cortical
surface, peribursal fat, and subcutaneous fat, contribute to the observed gray-scale
image. (b) After intravenous administration of contrast material and before cuff
activation (exercise protocol), a single intratendinous peribursal vessel (arrow) is
apparent. Ill-defined increased enhancement in the peribursal soft tissues is
suggested, with a persistent hypoechoic area centrally at the level of the anatomic
neck. (c) After cuff activation, there is marked enhancement of the tendon and the
deltoid muscle. Note the persistent area of relative diminished flow at the articular
portion of the tendon; this region corresponds to the area of low flow in b.

Figure 4c: Contrast harmonic images obtained in 32-year-old asymptomatic man
by using pulse-inversion harmonics technique to exclude the primary frequency
backscatter to the transducer. (a) On baseline long-axis contrast harmonic image,
most of the internal echoes of the tendon are suppressed owing to use of the pulseinversion technique. Only the most strongly reflecting surfaces, such as the cortical
surface, peribursal fat, and subcutaneous fat, contribute to the observed gray-scale
image. (b) After intravenous administration of contrast material and before cuff
activation (exercise protocol), a single intratendinous peribursal vessel (arrow) is
apparent. Ill-defined increased enhancement in the peribursal soft tissues is
suggested, with a persistent hypoechoic area centrally at the level of the anatomic
neck. (c) After cuff activation, there is marked enhancement of the tendon and the
deltoid muscle. Note the persistent area of relative diminished flow at the articular
portion of the tendon; this region corresponds to the area of low flow in b.

http://radiology.rsnajnls.org/cgi/content/full/2483071400v1 (6 of 12)7/23/2008 10:30:14 AM

Rotator Cuff in Asymptomatic Volunteers: Contrast-enhanced US Depiction o...inous Vascularity -- Adler et al., 10.1148/radiol.2483071400 -- Radiology

Figure 5a: Contrast harmonic long-axis images of supraspinatus tendon in 39-yearold asymptomatic woman. (a) Baseline image. (b) Image obtained after contrast
material administration shows more conspicuous intratendinous vessels and
peribursal enhancement. (c) Image obtained after exercise and contrast material
administration shows marked enhancement of the tendon and the peribursal soft
tissues. Time gain compensation and overall gain were fixed throughout the
acquisition. Number scale at right is in centimeters.
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Figure 5b: Contrast harmonic long-axis images of supraspinatus tendon in 39-yearold asymptomatic woman. (a) Baseline image. (b) Image obtained after contrast
material administration shows more conspicuous intratendinous vessels and
peribursal enhancement. (c) Image obtained after exercise and contrast material
administration shows marked enhancement of the tendon and the peribursal soft
tissues. Time gain compensation and overall gain were fixed throughout the
acquisition. Number scale at right is in centimeters.
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Figure 5c: Contrast harmonic long-axis images of supraspinatus tendon in 39-yearold asymptomatic woman. (a) Baseline image. (b) Image obtained after contrast
material administration shows more conspicuous intratendinous vessels and
peribursal enhancement. (c) Image obtained after exercise and contrast material
administration shows marked enhancement of the tendon and the peribursal soft
tissues. Time gain compensation and overall gain were fixed throughout the
acquisition. Number scale at right is in centimeters.
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Regional Variations in Blood Flow
Comparative analysis of blood flow differences between the four ROIs (Table) revealed a consistent region of decreased vascularity
at the articular medial margin of the rotator cuff. This region had significantly less flow compared with the bursal medial (P = .002)
and bursal lateral (P = .003) zones, and the difference between this region and the articular lateral zone was nearly significant (P
= .052). After exercise, the articular medial region had significantly less flow compared with all other ROIs (P < .002). After
exercise, a 59%–96% increase in enhancement for all regions combined (P < .001, Table) was observed.
http://radiology.rsnajnls.org/cgi/content/full/2483071400v1 (7 of 12)7/23/2008 10:30:14 AM
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Our data suggest a trend toward diminished regional enhancement for each decade increase in age; there was an approximate
decrease in peak enhancement of 5 dB/mm2 per decade during the 3rd through 7th decades. However, owing to the relatively small
numbers of volunteers in each decade group (five to eight individuals), these changes were not significant. When the volunteer
cohort was divided into participants older than 40 years and those younger than 40 years, there was significantly increased
enhancement in each anatomic ROI (P < .04) after exercise in the younger group. Among the 13 female and 18 male participants,
there was a trend toward increased regional enhancement in the male volunteer group, although no enhancement value obtained
before or after exercise was significant.

DISCUSSION
To our knowledge, this is the first study published in the radiology literature to
demonstrate regional changes in vascularity in the intact rotator cuff in vivo in
asymptomatic individuals. The improved sensitivity achieved by using a US
contrast agent enabled the demonstration of intratendinous and peritendinous
vascularity, which normally is not apparent with conventional Doppler imaging
techniques (17,18).
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The lipid microsphere contrast agent used (perflutren, also known as Definity) is
octafluoropropane gas encased in a phospholipid shell with a mean size of 2 µm;
these microspheres have a biologic half-life of 1.2 minutes (15). The lipid is metabolized in the liver, and the gas expires in the
lungs. This agent has been approved by the Food and Drug Administration for use in delineating ventricular chamber borders,
although it is recognized as a potential method of assessing myocardial perfusion. Noncardiac applications of this agent that have
been investigated include vascular, liver, renal, and prostate examinations, with researchers in the majority of these investigations
assessing it as a tumor imaging agent (19–21). Other musculoskeletal applications of US contrast material include assessment of
synovial inflammation in patients with rheumatoid arthritis. The described lipid microsphere contrast agent has been used
successfully in well over 50 000 patients in clinical trials, with the most common side effects being transient and including
headache, flushing, chest pain, back pain, nausea, and dizziness—all of which resolve within minutes after their onset.
Hypersensitivity to octafluoropropane also has been reported, although it did not occur in any of our volunteers. Several deaths
during contrast-enhanced cardiac examinations in patients with severe cardiovascular disease have been reported (15,22). Whether
these deaths were secondary to the contrast agent administration or were caused by the underlying disease has not been established.
To our knowledge, there have been no reported deaths or serious untoward effects related to noncardiac applications of the
described lipid microsphere contrast agent.

The origin of rotator cuff disease is controversial. Historically, tendon ischemia, extrinsic compression, and chronic repetitive
microtrauma have been implicated as important factors in the development of rotator cuff disease. A watershed zone near the tendon
footprint, referred to as the critical zone, which involves the articular portion of the cuff, is considered to be highly susceptible to the
development of tendon degeneration and tearing. Although there have been anatomic study results suggesting the presence of such a
hypovascular zone, noninvasive methods to assess tendon vascularity in vivo have been lacking (7–11).
The results of some investigations (23–28) have suggested that several other factors potentially contribute to the development of
rotator cuff disease. Findings in exercise-based animal model studies indicate that repetitive mechanical loading of tendons may
result in inflammation and degenerative change through both mechanical damage and biochemical mediators. Altered expression of
degradative enzymes (metalloproteinases 1 and 3) and increased production of inflammatory mediators in response to stretching or
http://radiology.rsnajnls.org/cgi/content/full/2483071400v1 (8 of 12)7/23/2008 10:30:14 AM
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loading in vitro are reported in the literature on fibroblast and tendon mechanobiology. Despite these developments in our
understanding of the factors that may lead to intrinsic degenerative tendinopathy, the importance of considering the vascular
contribution to this process remains clear (23–28). In the current study, we observed diminished vascularity of the articular portion
of the supraspinatus tendon, in keeping with the concept of a critical zone. Second, vascular recruitment after an appropriate
exercise regimen resulted in increased enhancement and thereby increased the effective dynamic range in which to determine
differences in vascularity.
There were several limitations to this study. Slight variations in transducer positioning, as well as respiratory variation—albeit of
low amplitude—could have resulted in concomitant variations in the trend behavior that manifested as small changes in amplitude.
Likewise, ROIs were drawn to approximate the peribursal and tendon boundaries, although the ROIs were the same for any given 2minute acquisition. Spatial and temporal averaging helped to circumvent the variations but did not entirely eliminate them. It was
also possible to remove selected portions of the acquired data when there was translation of the relevant anatomy outside the ROI.
This was the case during the early phase of the study, during which there was a learning curve in terms of how best to instruct the
volunteers on how to adjust their respiration, limit their speaking, and secure the transducer. Likewise, while using the pulseinversion technique in contrast harmonic imaging does not entirely eliminate the stationary echoes, obtaining a baseline image was
useful for subtracting the contribution of the stationary reflectors. Our choice of contrast material dose, while not a limitation per se,
was based largely on the minimal dose and mechanical index that yielded visually acceptable images. Better choices of dose and
bolus techniques may help to optimize image acquisitions and the subsequent data analysis.
All US examinations involved imaging of a single area of the supraspinatus tendon seen on the long axis. Use of the long-axis view,
however, enables simultaneous imaging of the articular and distal portions of the tendon. This made it possible to assess the
peribursal, articular, and distal distributions of enhancement. Second, it is technically easier to ensure a fixed transducer position on
the long axis. In the axial plane, slight changes in transducer tilt can result in visualization of the proximal or distal cuff and
therefore potentially confound the results. Ideally, three-dimensional or volumetric acquisition would be the most robust method to
obtain vascularity data. We believe that this may become possible in the future as two-dimensional flat-transducer arrays become
readily available.
Our volunteer sample size enabled us to identify significant findings and differences at nonparametric Mann-Whitney testing;
however, we believe the significance of our data would have been greater with a larger volunteer cohort. Our results suggest a
possible dependence of regional enhancement degree on age, as well as possible sex-specific differences. Our study population was
not large enough for us to make definitive statements with respect to either of these findings. Demonstrating an age- or sex-based
dependence was not a specific goal of this work, although it would be useful to pursue these investigations in the future. It is
conjectured that age probably has a role in the diminished vascularity in the critical zone and further predisposes the rotator cuff to
degeneration and tearing (6).
The data were acquired and analyzed by a single highly experienced musculoskeletal sonographer. Therefore, although we believe
that our intersubject analyses of the data were consistent, the lack of blinding and the absence of an additional radiologist to analyze
the data may have introduced bias. In addition, the use of off-line quantitative assessment software such as that applied in this study,
compared with the use of subjective image analysis, in which multiple observers are beneficial, may reduce the effect of using a
single radiologist. Finally, the findings of this study are based on the assertion that peak enhancement is a function of both capillary
density and regional flow.
In conclusion, we found contrast-enhanced US to be a method of displaying and quantifying regional variations in tendon
vascularity within the rotator cuff of asymptomatic individuals; the potential dynamic range over which such measurements can be
made improves after a standardized exercise protocol, which we hypothesize is a function of vascular recruitment. The potential
applications of the described lipid microsphere enhancement technique are numerous and include determination of age-related
changes in tendon vascularity, changes in vascularity in a tendinosis model, and response to physical therapy and assessment of
bone tendon healing after repair.
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●

●

Contrast-enhanced US of the supraspinatus tendon revealed significantly
lower flow (P < .002) in the articular medial portion of the tendon after
exercise.
There was greater differentiation after exercise, with a significant increase
(59%–96%) in apparent enhancement for all regions of interest in all patients
(P < .001).
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Contrast-enhanced US of the supraspinatus tendon can be used to
understand the role of vascularity in the development of rotator cuff disease.
Contrast-enhanced US of the supraspinatus tendon could be used to measure
alterations in blood flow during therapy and after tendon repair.
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