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Abstract

Objectives—High frequency ultrasound scanning may be used for prevention, detection and
monitoring of pressure ulcers in patients at risk and is amenable for portable, bedside use by a
variety of clinicians. Limited data are available about the criteria to determine an ideal image or
measures of tissue changes representative of tissue injury. We developed and evaluated criteria for
overall image quality and measures of tissue integrity.

Methods—In 40 mechanically ventilated adults in 3 ICUs, 241 HFUS sacral images were
evaluated for agreement using criteria for overall image quality and tissue changes (dermal,
hypodermal layer thickness and layer density).

Results—HFUS sacral images (N= 241) were evaluated in three analyses and showed poor
agreement in all three analyses using the specific criteria for global quality, however when criteria
were collapsed agreement was good to substantial. Evaluator agreement for layer thickness and
layer density was also good.
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Conclusions—A global rating is adequate for identifying good images. Agreement for
measurements of layer thickness and density were also good and may be useful to identify early
changes in tissue integrity leading to tissue injury. Additional data are needed concerning the
association of changes in layer thickness and layer density to eventual tissue injury.

Ultrasonography has been widely used in clinical practice as an inexpensive and portable
diagnostic tool. Recently high frequency ultrasound (HFUS) using a 20MHz probe has been
used to provide images for both dermatologic practice and research to evaluate lymph
nodes,! chronic ulcers,2:3 skin lesions and tumors.14-6 However, more limited data are
available about the use of HFUS to evaluate the development of pressure ulcers (PUs).

Pressure ulcers are common and costly,~1112:13 byt methods to quantitatively evaluate
patients at risk or identify early stages of pressure ulcer development, especially the more
elusive, deep tissue injuries are limited.14 Certain deep tissue injuries are currently thought
to develop through a “deep-to-superficial” pattern resulting in delayed clinical recognition of
significant and often extensive tissue changes.1°:16 Since deep tissue ulcers are difficult to
identify, identification of quantitative measures to determine risk and early stage injury
would be clinically useful.

HFUS scanning identifies the existence of a hypo-echogenic subepidermal layer at the
location of pressure ulcers!’ and may demonstrate soft-tissue damage and edema before
clinical signs are visible.2418 The ability to identify early changes in deep tissues may
enhance tissue injury prevention strategies. Changes in dermal echogenicity reflect
alternations of dermal water content associated with inflammation. HFUS dermal
echogenicity and skin water content using nuclear magnetic resonance were evaluated and
HFUS was shown to be a sensitive method to assess dermal hydration and skin pathology
associated with edema formation.1®

Visual skin assessments by clinical providers may not always correspond to changes in
HFUS images. Quintavalle et al.18 compared HFUS from 119 long-term-care (LTC) facility
residents at risk for PUs with 15 healthy volunteers. 55.3% of the images from LTC
residents showed areas within the skin layers that were not visible, indicative of fluid or
edema, while those from healthy volunteer had homogeneous patterns of reflection. Most
images (79.7%) with abnormal ultrasounds did not have documentation of skin erythema in
the clinical record. More recently Porter-Armstrong et al.20 evaluated whether HFUS
supported clinical skin assessment in an inpatient population by comparing HFUS to clinical
assessments of heel and sacral skin. They found that qualitative classification of ultrasound
images did not match outcomes yielded through the clinical skin assessment.

HFUS has been shown to identify deep tissue changes. To compare rates of visualized heel
PUs to hidden injury using HFUS in geriatric medical patients, Helvig et al.2! evaluated 100
hospital patients and found that HFUS detected occult injury more often than visual
assessment did. Yabunaka et al.,?2 in comparing HFUS images in patients with PUs to
normal skin areas, found subcutaneous fat edema in the ulcerated area and no edema in
normal skin areas; fat edema was identified in all PUs, regardless of wound depth. Further,
follow-up images showed that as the wounds improved, fat edema was reduced. These
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authors suggest that the inflammation caused by pressure ulcers may have a greater effect on
subcutaneous fat than any other tissue and that resulting edema occurs early in the
development of PUs, which can then be detected by HFUS.22 In addition, HFUS has also
been used to monitor healing of PUs in experimentally induced wounds in guinea pigs.23

HFUS is increasingly marketed and used for the prevention, detection and monitoring of
PUs in patients at risk. These systems purport to provide users with images of high
resolution and clarity with a user friendly interface amenable for portable, bedside use by a
variety of clinicians such as physicians, nurses, technicians and other care providers. This
technology may also be able to detect deep tissue injury upon hospital or long term care
admission, although few data are available to support this ability. Since a variety of
clinicians may obtain and evaluate these images, it is important that quality images are
obtained and processes to evaluate them are standardized. However, limited data are
available about the criteria to determine an ideal image or processes used to determine
image changes representative of tissue injury.

This paper will summarize the process developed in our project to determine the effect of
backrest elevation on skin integrity (RO1 NR010381, Grap PI) using HFUS as an adjunctive
measure of sacral skin integrity. The goals of this sub-project were to 1) develop and test the
reliability of criteria for overall image quality; 2) develop and test the reliability of criteria to
evaluate change in tissue integrity (dermal and hypodermal layer thickness, dermal and
hypodermal layer density).

METHODS

Sample and Setting

The parent study, from which this analysis is derived, is a descriptive, longitudinal study of
skin integrity of 150 intubated and mechanically ventilated adult patients from a medical
respiratory ICU (MRICU), surgical trauma ICU (STICU) or neuroscience ICU (NSICU) in
an academic medical center. Since this evaluation was completely “new ground” there was
no effect size to consider, nor expectations with respect to variation to specifically determine
sample size. The quality criteria described below were being developed during data
collection and we used results of the first set of scans to help refine and develop those
criteria. The study was approved by the university IRB and informed consent was obtained
from the subject’s legally authorized representative (LAR). Because the parent study
included use of a pressure mapping system that may enhance skin moisture, exclusion
criteria included patients who had significant skin moisture risk as determined by the Braden
scale of “constantly moist”.24 Subjects were enrolled in the study within 24 hours of
intubation and sacral HFUSs were obtained daily for up to seven days. Data were collected
from February 2010 through May 2012,

Image Quality Components

Sacral tissue was evaluated using a high (20MHz) frequency ultrasound dermal scanning
system (EPISCAN, Longport, Inc, Glen Mills, PA). The EPISCAN settings on all images
were as per manufacturer’s recommendation for sacral scans and were consistent to insure
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uniformity of measurement between images: size — 512x1024; TGC srt = 0%; pos = 16.0;
depth = 10.2mm; TGC = 10%; gain = 20%. However, in this critically ill population, it was
not possible to obtain scans in the prone position as recommended by the manufacturer,
rather HFUS sacral images were obtained in patient side-lying positions as close to a side-
lying, 90 degree lateral rotation as possible, based on the clinical condition of the patient.
All sacral scans were therefore obtained in the lateral position with the subject turned from
60 to 90 degrees.

Overall HFUS Image Quality—Highest quality HFUS images have specific components:
a defined epidermal entry echo and uniform, clearly visualized texture (collagen bundles and
ground substance) differences between the dermal and hypodermal skin layers (Figure 1).
Defects and artifacts in the image resulting from bubbles in the gel, improper probe
placement, and improper probe technique may distort or occlude image components
preventing optimal evaluation and should be considered in any rating scale. Therefore we
developed a rating scale (Table 1) and tested it in a pilot study?® reflecting the presence or
absence of the specific components described above which resulted in an acceptable image
having a rating of 3.0 to 4.0. To further delineate image quality between the rating of 3
(acceptable image) to a rating of 4 (essentially a perfect image), a further gradation was
developed to differentiate specific features of images between 3.0 and 4.0 (Table 1).

Evaluation of Tissue Changes—Early changes in tissue integrity may begin with tissue
inflammation either in the dermal or hypodermal layer and may occur well before visual
changes in the skin. Recent use of HFUS to evaluate tissue injury has indicated that patterns
of fluid accumulation or layer edema within dermal and hypodermal tissue may be early
indicators of tissue injury.17:18:21 The ability to identify tissue changes prior to visual skin
changes would be beneficial to prevent further damage to skin integrity. Changes in dermal
and hypodermal layer thickness (in millimeters) and dermal and hypodermal layer density
(median signal intensity distribution) may reflect tissue inflammation. EPISCAN HFUS
software-generated measurements include measures for layer thickness and layer density.
Layer thickness is a measure of the width of each layer (dermal and hypodermal), that is, as
inflammation and edema occurs, layers become thicker.

Layer density measured in this study is the median signal intensity distribution of the image.
Colors represent the intensity of the signal reflected from the tissue and therefore the
structure of the tissue. Statistical analysis of the color distribution may detect subtle changes
that cannot be reliably detected by the visual assessment of the images. The median intensity
(or color) is the intensity/color at the center of the distribution profile.26 Therefore layer
density may decrease as fluid accumulates since the tissue would appear less tissue dense in
the ultrasound image.2” Use of HFUS in the evaluation of tissue injury then is dependent on
accurate measures (dermal and hypodermal layer thickness, dermal and hypodermal layer
density) that may reflect changes or injury in the dermis or hypodermis layers.

Procedure and Analysis Process

The Medical Center Wound Care Program nurse practitioner and co-investigator (VL) or
another study nurse (RSB) who were both certified in EPISCAN evaluation trained all study
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personnel to obtain EPISCAN sacral images for the parent study. Training continued until
the study personnel achieved full accuracy in following all recommended image processes
(correct patient position, accurate probe location, identification of a good scan at the
bedside) and performed return demonstrations. On a weekly basis, one expert investigator
(RSB) reviewed the scans obtained by each study personnel and if any individual person
submitted poor quality images remedial training was immediately begun. In addition both
EPISCAN expert investigators (VL, RSB) continuously monitored study personnel during
onsite visits and retraining was conducted every 3 months or more frequently if needed.

HFUS images of the sacrum were obtained daily on each study subject in the parent study
up to 7 days or until hospital discharge whichever occurred first. Multiple images were
obtained and reviewed at the bedside until the operator determined that a good image was
obtained; however all images were stored for later review and analysis. Images were
obtained in the early morning whenever possible but were also coordinated with the
patient’s usual care activities so as to not disturb the patients unnecessarily. Subsequent
statistical analysis incorporated these multiple observations as patient-specific repeated
measurements.

Because there were no available guidelines to evaluate image quality at the beginning of
study processes all images (obtained in chronological order) from all 150 subjects were
evaluated by the two expert team members (RSB, VL) using a basic global rating scale of
image quality (1.0 through 4.0) described in Table 1 (bolded criteria). After analysis of
agreement of image quality between evaluators, all unacceptable images (rated as 1.0 or 2.0)
were eliminated.

After all images were evaluated as described great variation in images rated as 3.0 was
evident. Therefore, greater detail using subcategories of 3.0 (i.e. 3.1 through 3.9) was
created to identify images with acceptable quality. Images from the first 40 subjects
originally evaluated as a 3.0 were then re-evaluated independently by both expert team
members (RSB, VL) using the 3.1 through 3.9 criteria and agreement analysis was
conducted for overall image quality. In this iterative process, images from the first 20
subjects (127 images) were re-evaluated and an analysis of agreement was determined,
refinements made in the 3.1 through 3.9 criteria and subsequent re-evaluation conducted for
subjects 21 through 40 (114 images), as well as a combined evaluation of subjects 1 through
40 (241 images). During this process the additional components to evaluate tissue changes
(dermal and hypodermal layer thickness, dermal and hypodermal layer density) were also
evaluated. Three measurements each of dermal and hypodermal layer thickness and one
measurement of dermal and hypodermal density were also documented for each image and
agreement analysis was conducted at these same time periods.

HFUS CRITERIA EVALUATION

Subjects and Images

For this evaluative process, HFUS images (N= 241) from 40 subjects, a subset of the parent
study, were evaluated. Subjects were from all three ICUs and overall image quality was
assessed using the expanded 3.0 to 4.0 scale. The subjects were primarily male and white
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and equivalently divided among the MRICU, STICU, NSICU. Subjects had a mean Braden
Scale score of 13.08 (range 9-18) and mean BMI of 27.94 (+ 6.24). Complete characteristics
of the sample for the analysis presented here are shown in Table 2.

Overall HFUS Image Quality

Evaluations of the HFUS images were conducted in three analyses (subjects 1-20; subjects
21-40; subjects 1-40). Comparisons focused on the extent of agreement between the
evaluators. In the first analysis (subjects 1-20) concordance between the evaluators occurred
in 58 of 127 images (45.67%); in the second analysis (subjects 21-40) in 38 of 114 images
(33.33%) and in the third analysis (subjects 1-40) in 96 of 241 (39.83%). There was
agreement in both groups and for the combined sample (p < 0.0001). However, the 95%
confidence intervals for the kappa coefficients among all groups demonstrated poor
agreement and the 2"d analysis did not show improvement in agreement (Table 3).

Since the agreement remained poor even after criteria refinement we theorized that the
individual levels (3.1 through 3.9) were too subjective and difficult to distinguish from each
other. Therefore based on similar image characteristics, we collapsed the criteria into 4
categories: Category 1 (3.0-3.3), 11 (3.4), 111 (3.5-3.7) and IV (3.8-4.0). Collapsing
categories improved concordance for all analyses (15t 79 of 127 = 62.20%; 2nd 71 of 114 =
62.28%; 3" 150 of 241 = 62.24%). However, the 95% confidence intervals for the kappa
coefficients among all analyses again demonstrated poor agreement although the increased
concordance is reflected in the higher kappa values using the collapsed 4 categories.
Because the agreement remained poor and our original intent was to identify images that
were a “good 3.0” compared to a “poor 3.0”, we analyzed agreement using two categories -

those below 3.5 and those at 3.5 and above and found good to substantial agreement (Table
3).28:29

Evaluation of Tissue Changes

Dermal and Hypodermal Layer Thickness—The three thickness measurements were
averaged within each evaluator and compared by layer (dermis and hypodermis). In the first
analysis for the dermis (subjects 1-20) the average difference between evaluators was
0.10mm (x 0.35mm). In the second analysis (subjects 21-40) the difference was 0.16mm (z
0.51mm), and when combined (subjects 1-40) the average difference was 0.12mm (£
0.43mm). No changes in the measurement process occurred between any analyses (Table 4).

For the hypodermis, in subjects 1-20, the average difference between evaluators was
0.24mm (£ 0.50mm), in the second analysis (subjects 21-40) only 0.03mm (x 0.44mm) and
when combined (subjects 1-40) 0.14 (= 0.49mm). No changes in the measurement process
occurred between any analyses (Table 4)

Dermal and Hypodermal Layer Density—Differences in the layer were larger between
evaluators for the hypodermis than the dermis layer (Table 4). There were noticeable
improvements in the second analysis for the hypodermis layer with respect to reduced
standard deviation and a mean difference closer to 0.00, however, standard deviation and
mean difference for the dermal layer increased in the second assessment.
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DISCUSSION

HFUS imaging has been gaining attention as a potential method of early identification of
patients at risk for tissue damage. Although a variety of clinicians may collect and evaluate
these images, there are few data about the reliability of the HFUS evaluation process,
especially related to obtaining the best image. In addition, because the HFUS technology
and software may provide image quantification data, e.g. layer thickness and signal density
calculations, it is important that optimal images are identified for ideal patient evaluation.

Although we attempted to develop a very specific scoring system to identify the best image
using very specific criteria, we found that the level of subjectivity was so great that the
ability of our expert evaluators to achieve agreement using these criteria was poor. However
in using a more simplified scoring system (less than or greater than 3.5) we found that
reliability for identifying the best image was good. These data suggest that a more global
rating is adequate for identifying a good scan. Beyond that global rating, analysis of
variations in the image that may be detectable, may be too subjective to create good
reliability among scan evaluators.

Differences in measures of dermal thickness were smaller compared to those of hypodermal
thickness. This is not surprising since layer detail discrimination decreases with increased
depth of the tissue. Images show layers of tissue closer to the epidermis in greater detail and
clarity than that of deeper tissues due to the attenuation of the HFUS signal. Overall, when
evaluating differences for all subjects, layer thickness differences were minimal in both the
dermis and hypodermis (0.14 mm or less).

Similar to the layer thickness measurements, differences in layer density measures were
larger between raters for the hypodermis than the dermis layer. There were noticeable
improvements in the second assessment for the hypodermis layer with respect to reduced
standard deviation and a mean difference closer to 0.00, however, standard deviation and
mean difference for the dermis layer increased in the second assessment.

Overall measurements for dermal/hypodermal thickness and dermal/hypodermal density
were found to be more reliable than overall image quality. These measurements are obtained
directly from the HFUS software limiting the level of subjectivity that may occur. However,
the measurements were also dependent on choosing a similar area of the image to conduct
the measurements. Even though there were no set patterns in the areas chosen, the overall
agreement for both of these measurements was good, indicating that HFUS software-
generated measurements for layer thickness and layer density may be reliable measures.
These measures may be useful to identify early changes in tissue integrity that may lead to
tissue injury or ulceration. Although the association of changes in layer thickness and layer
density to eventual tissue injury has yet to be clearly delineated, our documentation of the
reliability for these measures is a needed first step for their future use and may aid the design
and planning of future studies including determining power and sample size for other
researchers seeking to use this modality.
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Figure 1. High quality HFUS image with specific components
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Table 1
HFUS Overall Image Quality Rating Scale
Rating | Definition
1.0 dermis and hypodermis not evaluable due to poor image
2.0 at least 1 layer evaluable but other is not or at least 50% of both layers are evaluable®
3.0 at least 50% of both layers are evaluable; no well-defined epidermal entry echo, no defined layer margin between all 3 layers
3.1 approximated epidermal entry echo, no clearly defined layer margin between dermis and hypodermis
3.2 defined epidermal entry echo, no clearly defined layer margin between dermis and hypodermis
3.3 well-defined epidermal entry echo, no clearly defined layer margin between dermis and hypodermis

3.4 approximated epidermal entry echo, layer margin between dermis and hypodermis can be approximated

35 defined epidermal entry echo, layer margin between dermis and hypodermis can be approximated

3.6 defined epidermal entry echo, layer margin between dermis and hypodermis can be determined

3.7 defined epidermal entry echo, well-defined layer margin between dermis and hypodermis

3.8 well-defined epidermal entry echo, well-defined layer margin between dermis and hypodermis

3.9 very high quality image, some minor image defects on lateral areas

4.0 all of both layers are evaluable, no interfering image artifacts present, no visible image defects - essentially flawless image

*
at least 50% of the image widths of both layers are evaluable with the evaluable portions positioned over each other
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Table 2
Subject Characteristics (N=40)

Mean SD Range
Age 52.55 17.98 18-90
BMI 27.94 6.24 12.4-425
APACHE 78 25.55 35-139
Braden Scale Score 13.08 1.89 9-18

Median | 25t 75t percentiles | Range
ICU LoS 9.05 59,176 1.7-40.1
Hospital LoS 19.40 8.7,289 1.8-78.1
Duration of Intubation | 4.21 1.9,6.6 0.7-14.4

Count Percent

Gender
Male 23 57.50
Female 17 42.50
Race
White 21 52.50
Black/AA 17 42.50
Unknown 2 2.00
Ethnicity
Hispanic 1 2.50
Non-hispanic 39 97.50

Critical Care Unit

MRICU 16 40.00
STICU 11 27.50
NSICU 13 32.50

LoS = Length of Stay
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Agreement among evaluators for layer thickness and layer density by dermis, hypodermis layer

Table 4

Analysis of agreement for layer thickness (mm)

Subjects 1-20 | Subjects 22-40 | Subjects 1-40
Dermal Thickness — Mean Difference (SD) -0.10 (0.35) -0.16 (0.51) -0.12 (0.43)
Limits of Agreement —0.80, 0.60 -1.18,0.86 —-0.98, 0.74
Hypodermal Thickness — Mean Difference (SD) | —0.24 (0.50) -0.03 (0.45) -0.14 (0.49)
Limits of Agreement -1.24,1.24 0.93,0.87 -1.12,0.84

Analysis of agreement for layer density (median signal intensity distribution)

Subjects 1-20 | Subjects 22-40 | Subjects 1-40
Dermal Density — Mean Difference (SD) -0.16 (3.35) 1.13(5.12) 0.45 (4.31)
Limits of Agreement -6.86, 6.54 -11.37,9.11 -9.07,8.17
Hypodermal Density — Mean Difference (SD) -1.52 (4.24) -0.24 (2.62) -0.91 (3.62)
Limits of Agreement -10.00, 6.96 -5.48, 5.00 -10.86, 6.33

SD - standard deviation
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