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Abstract

  Although the primary risk factors for pressure ulcer development —

pressure, shear, skin temperature, moisture, and friction — have been

identified for decades, the relative contribution of each to this risk remains

unclear. To confirm the results of and expand upon earlier research into

the relative contributions of interface pressures, shear stress, and skin

temperature among 4 healthy volunteers, a study involving 6 additional

healthy 40- to 75-year-old volunteers was conducted and results of the 2

studies were pooled.

  All 3 variables (interface pressures, shear stress, and skin temperature)

were systematically and randomly varied. In the prone position, volunteers

each underwent 18 test conditions representing different combinations of

temperature (28˚ C, 32˚ C, 36˚ C), pressure (8.0 and 13.3 kPa), and shear

(0, 6.7, and 14.0 kPa) using a computer-controlled indenter applied to the

sacrum for 20 minutes exerting weights of 100 g and 200 g to induce 0.98

N and 1.96 N of shear force, respectively. Each condition was tested twice,

resulting in a total of 360 trials. Magnitude of postload reactive hyperemia

as an index of ischemia was measured by laser Doppler flowmetry. Fixed
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effects regression models were used to predict 3 different indices of

reactive hyperemic magnitude. Friedman tests were performed to compare

the reactive hyperemia among 3 different skin temperatures or shear

stresses under the same amount of localized pressure. In all regression

models, pressure and temperature were highly significant predictors of the

extent of reactive hyperemia (P <0.0001 and P <0.0001, respectively); the

contributions of shear stress were not statistically significant (P = 0.149).

With higher temperature, reactive hyperemia increased significantly,

especially at greater localized pressure and shear stress, and the

difference was more profound between 32˚ C and 36˚ C than between 28˚

C and 32˚ C. These results confirm that, in laboratory settings,

temperature is an important factor in tissue ischemia. Additional studies

examining the relative importance of pressure, shear, and temperature and

potential effects of lowering temperature on tissue ischemia in healthy

volunteers and patients at risk for pressure ulcer development are

warranted. Because deformation at weight-bearing areas often results in

blood flow occlusion, actively lowering the temperature may reduce the

severity of ischemia and lower pressure ulcer risk. In this study, shear did

not appear to contribute to ischemia in the dermal tissues when assessed

using laser Doppler; further work is needed to examine its effect on deeper

layers, particularly with regard to nonischemic mechanisms.

Potential Conflicts of Interest: Dr. C. Lachenbruch is employed by

Hill-Rom, Batesville, IN.
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Introduction

  Pressure ulcers are multifactorial medical conditions that occur in people

with disabilities, hospitalized patients, and the elderly.  Although various

studies  have identified interface pressure, shear stress, and elevated

skin temperature as contributors to tissue ischemia, very few have

attempted to examine the relative magnitudes of their contributions. The

answer to this question has importance for both therapeutic intervention

and product design.

  The present study is a follow-up to a previously published repeated

measures laboratory study that aimed to estimate the relative contribution

of pressure, shear stress, and skin temperature by systematically varying

all 3 factors over realistic ranges and assessing resulting level of skin

tissue ischemia.  The initial pilot study  presented a model to evaluate

the extent to which each variable contributes to ischemia by measuring the

magnitude of the postload reactive hyperemia associated with each set of

pressure, shear, and temperature loading conditions at the sacrum using

laser Doppler flowmetry (LDF). The degree of reactive hyperemia (ie, the

transient increase in blood flow to a region that occurs following a brief

load period) has been shown in a previous repeated measures laboratory

study  of healthy participants to be proportional to the degree of ischemia

for a given participant. The primary conclusions of the pilot study were: 1)
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pressure and temperature were highly significant predictors of postload

reactive hyperemia in the layers of tissue interrogated by laser Doppler

and shear stress was not, 2) a 1.0˚ C increase or decrease in temperature

has as much effect on reactive hyperemia as an 8–15 mm Hg increase or

decrease in interface pressure, and 3) this effect was more pronounced at

higher temperatures. The purpose of the current study was to determine

the degree to which interface pressure, shear stress, and skin temperature

contribute to ischemia in the upper 1–3 mm of the tissue in healthy

volunteers between 40 and 75 years of age. The present study was

motivated primarily by the need to increase the sample size and to verify

and incorporate the findings of the pilot work.

Methods and Procedures

Participants. Ten healthy adult volunteers (5 men, 5 women, ages 40–75

years; 4 from pilot study, 6 for current research) were recruited. They did

not have hypertension, diabetes, or any cardiopulmonary or vascular

diseases (see Table 1).

Design. This study used a repeated measures

design. Volunteers each underwent 18 test conditions

representing different combinations of temperature

(28˚ C, 32˚ C, 36˚ C), pressure (8.0 and 13.3 kPa),

and shear (0, 6.7, and 14.0 kPa) applied to the

sacrum; each condition was tested twice. A total of

360 trials was conducted. The 18 combinations are

listed in Table 2.

Instrumentation. A computer-controlled indenter

was used to control the pressure and temperature

applied to the skin. A weight was attached to the base

of the indenter via a string over a pulley system to

create shear force. Weights of 100 g and 200 g were used to induce 0.98

N and 1.96 N of shear force, respectively. A LDF probe located at the

center of the indenter measured skin blood flow (SBF). Participants were

in the prone position while the tests were performed on the sacrum. Loads

were applied for 20 minutes. A figure depicting the experimental set-up

and details of the instrumentation and test setting were published

previously.

Procedure. All procedures took place at the Tissue Integrity

Management Laboratory at the University of Pittsburgh, Pittsburgh, PA. All

participants signed a consent form approved by the Institutional Review

Board at the University of Pittsburgh. Room temperature was maintained

at 20˚ C ± 1˚ C. The order of test conditions was randomized for each

participant. Each participant initially completed 1 trial of each of the 18

conditions in randomized order, and then completed the second trial of the

18 conditions in a newly determined randomized order. The test trials

alternated between the 2 sides of the sacrum, and the location for the

initial test was randomized at the beginning of each test day.

Data collection and processing. Data were collected in 2 phases, each

approximately 3 weeks in length. Results from the first 4 participants

(Phase I) were collected approximately 6 months earlier than the data on

the final 6 participants in Phase II. Mean values of all indices did not differ

significantly between participants in Phase I and Phase II.
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  The raw SBF data were collected at 20 Hz via LDF. It was first

downsampled to 0.5 Hz, and a tenth-order Chebyshev I low-pass filter

(cutoff frequency at 0.15 Hz) was used to filter the downsampled SBF.

Three different indices of reactive hyperemia were selected as the main

outcome measure of this study: peak minus baseline SBF (baseline is an

average of SBF during the preload period), normalized peak perfusion

([peak-baseline]/baseline), and perfusion area (perfusion integrated over

time within the reactive hyperemic spike). To select these parameters

objectively, a bi-exponential equation was used to fit the curve of the

reactive hyperemic response. The 3 main outcomes measures were

calculated from each trial. Average values were calculated for each

patient, then regression equations were calculated to fit the curve and

determine each parameter as published previously.

Statistical analysis. Fixed effects linear regression analyses were used

to determine the contributions of interface pressure, shear, and skin

temperature. Because multiple observations were made of each

participant (2 replications at each temperature, pressure, and shear

condition), the observations were not independent. This required a panel

data method using the participant as the panel indicator. The STATA

software package (StataCorp LP, College Station, TX) was used to

determine the between-estimator for fixed effects models with only

pressure, pressure and temperature, and pressure, temperature, and

shear in the equation.

  Friedman tests were performed on the averaged reactive hyperemic

parameters from both trials for each test condition to compare the reactive

hyperemic response among different skin temperatures or shear force

under the same amount of localized pressure on the skin. The SPSS

software package (SPSS for Mac, Version 13, IBM Corp, Armonck, NY)

was used for both tests.

  A limited validation of the 3 fixed effects regression models was

conducted using the raw data set collected previously by Tzen et al.  This

data set includes the interface pressure and skin temperature data as

independent variables and the same 3 dependent variables (measures of

the magnitude of reactive hyperemia) used in the present study. The data

also were collected using the same instrumentation. The validation

process consisted of comparing the predicted magnitudes of reactive

hyperemia of each of the 3 indices using the models obtained in the

present study to data obtained in the earlier study. Predicted response and

actual response were compared using simple linear regression. The

normality of the residuals then was evaluated using the Ryan-Joiner test.

Results

Incremental contributions of each variable to regressions. Table 3

presents the statistical variables associated with the fixed effects

regressions to predict the 3 postload reactive hyperemia indices. For all 3

dependent variables, temperature and pressure were significant

contributors to the prediction of the magnitude of reactive hyperemia. The

contribution of shear stress was not a significant contributor in any of the 3

cases (P = 0.149). The P value predictors of peak minus baseline

perfusion that were significant were pressure (P <0.0001) and temperature

(P <0.0001). Similarly, as predictors of normalized peak perfusion, shear
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was not significant (P = 0.525). Pressure (P = 0.0003) and temperature (P

= 0.0003) were statistically significant. With perfusion area as the

dependent variable, the findings were pressure (P <0.0001), temperature

(P <0.0001), and shear (P = 0.323, not significant).

Coefficient ratios of fixed effects regressions.

The ratios of the coefficients in each of the fixed

effects regressions reflect the relative contribution of

each independent variable to the magnitude of the

dependent variable (see Table 4). Because only pressure and temperature

are significant contributors for the reactive hyperemia indices, only

coefficient ratios of pressure and temperature were calculated. One

degree Celsius of temperature contributes as much to peak minus

baseline SBF as 14.0 mm Hg interface pressure, as much as 8.0 mm Hg

pressure (1.1 kPa) to the normalized peak SBF index, and as much as

11.4 mm Hg pressure (1.5 kPa) to the perfusion area index.

Within-participant comparisons of reactive

hyperemia. A prominent trend of increase in reactive

hyperemia in all 18 conditions was noted with

increased skin temperature (see Figure 1). In all box

plots of Figure 1, a smaller difference in the reactive

hyperemic response was noted between 28˚ C and

32˚ C than between 32˚ C and 36˚ C. Friedman tests

showed the differences in the magnitude of reactive

hyperemia were significantly different among the 3

skin temperatures under the same amount of pressure and shear stress,

especially at higher pressure in combination with shear stress.

Cross-validation. The fixed effects equations were

applied to the data set of Tzen et al,  which included

pressure, temperature, and all 3 indices of reactive hyperemia; this

laboratory study employed a repeated measures design using 10 healthy

participants ages 20–40 years. Regressions between the outputs of

equations generated in the present study and actual measured indices of

reactive hyperemia in Tzen’s earlier study resulted in R  of 0.155 or less

for all 3 indices of reactive hyperemic magnitude. Only the P value for

perfusion area was significant (P = 0.031); P values for normalized peak

and peak minus baseline were 0.085 and 0.184, respectively. Results of

the Ryan-Joiner test indicated the residuals (actual minus predicted) were

normally distributed for the perfusion area model (P >0.10) but not for the

normalized peak (P <0.010) or the peak minus baseline models (P <0.010)

(see Table 5).

Discussion

  The combined effects of pressure, shear, and temperature loading are

important because in a typical clinical situation, they are imposed in

combination. These stresses can deform the tissue, distort blood vessels,

and interfere with perfusion. Pressure and shear stress require contact

between the skin and adjacent bedding or clothing materials. Because

these materials tend to be insulative, any time the skin is covered, heat

flowing from the body is trapped and the skin warms. When this contact is

sustained for several minutes, the skin continues to warm and may

approach core temperatures.  Therefore, the clinical relevance is that the
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skin is most likely to be warmed significantly and subsequently become

more susceptible to ischemia when it has been loaded mechanically over

a sustained period.

  Data from the second phase of the authors’

previously published study  and current data

collected in both phases were incorporated for further

investigation of the relative effect of the 3 external

factors on tissue ischemia. Both phases employed the same repeated

measures design in the laboratory. Participants in this initial phase were 2

healthy men and 2 healthy women ages 40–65 years. Findings from this

study were generally consistent with the previously published study. One

of the principal results of this study is the observation that the level of

ischemia in the skin can be estimated with significantly greater accuracy if

both pressure and skin temperature are taken into account rather than by

reliance on pressure alone. Both pressure and temperature were highly

significant predictors of the magnitude of reactive hyperemia as an index

of ischemia.

  The relative contributions of 1 mm Hg of pressure and 1˚ C of

temperature to ischemia, as quantified by the ratio of the coefficients of the

2 variables in the regressions equations, were relatively consistent. In the

fixed effects regressions, 1˚ C contributes 8.0 to 14.1 times as much to

ischemia as 1.0 mm Hg depending on the index of reactive hyperemic

magnitude, which is similar to the value (1˚ C contributes 7.7 to 14.3 times

as much as 1.0 mm Hg pressure) published in the authors’ previous study.

Findings of this study are also consistent with those of Lachenbruch,

who performed secondary analysis of published data and estimated that 1˚

C contributed as much to ischemia as 5 or more mm Hg of pressure. The

authors’ results also were consistent with those of Iaizzo’s repeated

measures laboratory study,  where histological analysis of affected tissue

was performed after imposing a wide range of pressure, shear, and

temperature loads to the skin on the back using a swine model. From the

tissue results associated with each load condition, Iaizzio was able to

quantify the relative effect on tissue breakdown of each variable. His

prediction equations indicated that 1˚ C contributes 39.9 times as much as

1.0 mm Hg of pressure for dermis tissue layer. The relative importance of

skin temperature based on each prediction equation from different studies

varied, and this might be because the relative effect of skin temperature

varied at different amounts of localized pressure.

  In addition, the current study also demonstrated that under the same

amount of localized pressure and shear stress, differences in reactive

hyperemia caused by a 4˚ C increase were more profound between 32˚ C

and 36˚ C than between 28˚ C and 32˚ C. Further investigation of this

phenomenon is needed to find the target temperature that could help

preserve the ischemic tissue and be well-tolerated by patients. Of interest

would be studies of the degree to which cooling continues to reduce

ischemia and be well-tolerated by the patient and whether this reduced

ischemia might have beneficial effects not just for prevention, but also for

the resolution of early Stage I pressure ulcers or suspected deep tissue

injury.

  The contribution of shear stress to sacral ischemia remained relatively

negligible in the current observation, findings not consistent with previous

studies using other outcome measures. Bennett et al  conducted a
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repeated measures laboratory study of 4 healthy volunteers in which the

relative effects of pressure and shear in occluding pulsatile arterial flow in

the palm were measured. The authors estimated that shear had

approximately one half the effect of pressure in occluding flow. Goossens

et al  also measured transcutaneous oxygen levels across a series of

pressure and shear conditions at the sacrum on a sample of young (mean

age 25.5 years) healthy participants. The authors observed a full “cut-off”

pressure could be achieved at the sacrum at a mean pressure of 11.6 kPa

with no shear or 8.7 kPa and 3.1 kPa shear stress. Zhang et al  also

studied the effects of pressure and shear on blood flow using a modeling

approach supported by laser Doppler measurements of perfusion.

Combined pressure and shear loads were applied to the backs of the

thighs of 5 healthy volunteers (mean age 37 years). Finite element models

of the tissue were used to estimate internal stresses in the tissue beneath

the loading apparatus. The researchers concluded the reduction in blood

flow in the affected tissue was proportional to the vector sum of the

pressure and shear loading on the tissue. This is equivalent to concluding

that pressure and shear are equally important. Linder-Ganz and Gefen

used finite element models in conjunction with tissue temperature

measurements to evaluate the effects of pressure and shear on perfusion

of muscle tissue. In the laboratory, various pressure and shear loads were

applied to the gracilis (lateral thigh) muscles of 11 rats for 2 hours using a

repeated measures design. The authors concluded that, over a wide range

of applied pressures, the percentage of open capillaries in muscle tissue

decreased significantly with the addition of 8% shear strain.

  The inconsistency between the current observation that shear seemed to

have little effect on tissue ischemia and previous studies may be due to

varying measurement of tissue response employed. Current study

measurements involved the relatively prolonged physiological effect of skin

tissue and vascular deformation using reactive hyperemia instead of the

direct effect on blood flow or oxygen reduction with the presence of shear

force. The additional blockage of blood flow or the tissue deformation

caused by shear force may not be obvious enough when 8.0 or 13.3 kPa

of pressure was induced for a relatively long period of time as in the study

presented here. It is also possible shear made a more significant

contribution to the ischemic state of the tissue at a depth somewhat

beyond the 1- to 3-mm penetration of the laser Doppler. The depth at

which shear tends to exert its primary effects is somewhat of an open

question. Results from the modeling phase of Zhang et al  indicated that

compared with pressure, shear contributed to peak stresses much more in

the superficial layers of the tissue. An additional conclusion of this

modeling work was that the location of the peak stress resulting from

shear was immediately ahead of the probe, much like a bow wave ahead

of a ship. Perfusion in this leading region was not sampled by the laser

Doppler method used in the present study, which sampled blood flow

directly beneath the measurement probe. Further studies on the relative

contribution of shear to tissue ischemia are needed, as well as further

investigation to find the target temperature that could help preserve the

ischemic tissue and assist in creating the most efficacious support surface

designs.

Limitations
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  One limitation of this study was that the LDF method used allows

assessment of perfusion in only the top 1–3 mm of tissue. It is possible

different flow responses took place in the deeper tissues that could not be

assessed by this method. Additionally, although the results reported here

resulted from 360 trials collected over a wide range of clinically relevant

pressure, temperature, and shear conditions, they are based on a sample

of 10 healthy adult healthy participants.

Conclusion

  Because tissue deformation at weight-bearing areas near bony

prominences often results in blood flow occlusion or near occlusion, this

and other lab study results suggest actively lowering the skin temperature

may reduce the severity of ischemia and lower the risk of developing a

pressure ulcer. Additionally, because the level of tissue ischemia can be

predicted with much greater accuracy when both pressure and

temperature and pressure are known, the results highlight the importance

of managing both skin pressure and temperature to limit the occurrence of

pressure ulcers.

  It should be emphasized that because the vascular response to cooling

may differ somewhat in patients with diabetes, frailty, or other conditions,

these conclusions should be confirmed in patients who are at risk of

pressure ulcers and have these comorbidities.

Dr. C. Lachenbruch is Chief Scientist, Research and Development,

Hill-Rom, Batesville, IN. Dr. Tzen is an Assistant Professor, Department of

Physical Therapy, University of Illinois at Chicago, Chicago, IL. Dr. Brienza

is a Professor and Ms. Karg is an Assistant Professor, Department of

Rehabilitation Science and Technology, University of Pittsburgh,

Pittsburgh, PA. Dr. P. Lachenbruch is a Professor (retired), Statistics

Department, Oregon State University, Corvalis, OR. Please address

correspondence to: Charlie Lachenbruch, PhD, Hill-Rom, 5604 Southwest

Parkway, #537, Austin, TX 78735; email: charlie.lachenbruch@hill-

rom.com.

References: 

1. Gunningberg L. EPUAP pressure ulcer prevalence survey in Sweden: a

two-year follow-up of quality indicators. J Wound Ostomy Continence

Nurs. 2006;33(3):258–266.

2. Lahmann NA, Halfens RJ, Dassen T. Pressure ulcers in German

nursing homes and acute care hospitals: prevalence, frequency, and ulcer

characteristics. Ostomy Wound Manage. 2006;52(2):20–33.

3. Vangilder C, Macfarlane GD, Meyer S. Results of nine International

Pressure Ulcer Prevalence surveys: 1989-2005. Ostomy Wound Manage.

2008;54(2):40–44.

4. The National Pressure Ulcer Advisory Panel/ European Pressure Ulcer

Advisory Panel. Prevention and Treatment of Pressure Ulcers: Clinical

Practice Guideline. NPUAP/EPUAP;2014.

5. Gawlitta D, Li W, Oomens C, Baaijens F, Bader D, Bouten C. The

relative contributions of compression and hypoxia to muscle tissue

damage: an in vitro study. Ann Biomed Eng. 2007;35(2):273–284.

6. Berlowitz DR, Brienza DM. Are all pressure ulcers the result of deep

Relative Contributions of Interface Pressure, Shear Stress, and Temperatu... http://www.o-wm.com/article/relative-contributions-interface-pressure-s...

8 of 10 5/2/2016 9:29 AM



tissue injury? A review of the literature. Ostomy Wound Manage.

2007;53(10):34-38.

7. Kosiak M. Etiology of decubitus ulcers. Arch Phys Med Rehabil.

1961;42:19–29.

8. Daniel RK, Priest DL, Wheatley DC. Etiologic factors in pressure sores:

an experimental model. Arch Phys Med Rehabil. 1981;62(10):492–498.

9. Chang WL, Seireg AA. Prediction of ulcer formation on the skin. Med

Hypotheses. 1999;53(2):141–144.

10. Herrman EC, Knapp CF, Donofrio JC, Salcido R. Skin perfusion

responses to surface pressure-induced ischemia: implication for the

developing pressure ulcer. J Rehabil Res Dev. 1999;36(2):109–120.

11. International review. Pressure ulcer prevention: pressure, shear,

friction and microclimate in context. A consensus document. London:

Wounds International, 2010.

12. Lachenbruch C, Tzen YT, Brienza DM, Karg PE, Lachenbruch PA. The

relative contributions of interface pressure, shear stress, and temperature

on tissue ischemia: a cross-sectional pilot study. Ostomy Wound Manage.

2013;59(3):25–34.

13. Kablunde RE. Reactive hyperemia. Available at:

http://cvphysiology.com/Blood%20Flow/BF006.htm. Accessed April 4,

2014.

14. Barnett RI, Ablarde JA. Skin vascular reaction to short durations of

normal seating. Arch Phys Med Rehabil. 1995;76(6):533–540.

15. Tzen Y, Brienza D, Karg P, Loughlin P. Effects of local cooling on

sacral skin perfusion response to pressure: Implications for pressure ulcer

prevention. J Tissue Viability. 2010;19(3):86–97.

16. Flam E, Isayeva E, Kipervas Y, Shkylarevsky V, Raab L. Skin

temperature and moisture management with a low air-loss surface.

Ostomy Wound Manage. 1995:41(9):50–56.

17. Lachenbruch C. Skin cooling surfaces: estimating the importance of

limiting skin temperature. Ostomy Wound Manage. 2005;51(2):70–79.

18. Iaizzo P. Temperature Modulation of pressure ulcer formation: using a

swine model. WOUNDS. 2004;16(11):336–343.

19. Bennett L, Kavner D, Lee BK, Trainor FA. Shear versus pressure as

causative factors in skin blood flow occlusion. Arch Phys Med Rehabil.

1979;60(7):309–314.

20. Goossens RH, Zegers R, Hoek van Dijke GA, Snijders CJ. Influence of

shear on skin oxygen tension. Clin Physiol. 1994;14(1):111–118.

21. Zhang M, Turner-Smith A, Roberts V. The reaction of skin and soft

tissue to shear forces applied externally to the skin surface. Proceedings

of the Institution of Mechanical Engineers, Part H: J Eng Med.

1994;208(4):217–222.

22. Linder-Ganz E, Gefen A. The effects of pressure and shear on

capillary closure in the microstructure of skeletal muscles. Ann Biomed

Eng. 2007;35(12):2095–2107.

Relative Contributions of Interface Pressure, Shear Stress, and Temperatu... http://www.o-wm.com/article/relative-contributions-interface-pressure-s...

9 of 10 5/2/2016 9:29 AM



HMP Communications LLC (HMP) is the authoritative source for comprehensive information and education servicing health care

professionals. HMP’s products include peer-reviewed and non-peer-reviewed medical journals, national tradeshows and

conferences, online programs and customized clinical programs. HMP is a wholly owned subsidiary of HMP Communications

Holdings LLC. © 2016 HMP Communications

Section: 

Feature

Back to top

SOCIAL

Twitter

Facebook

LinkedIn

E-NEWS

Get the latest

OWM updates

straight to your

email.

Sign Up

SUBMIT YOUR
MANUSCRIPT

Author Instructions

Reprints

Submit Now

VISIT OUR OTHER BRANDS

WOUNDS

Today's Wound Clinic

Podiatry Today

SAWC Fall

SAWC Spring

Home | About Us | Other Publications | Contact Us | Privacy Policy

0 82 20 161

Relative Contributions of Interface Pressure, Shear Stress, and Temperatu... http://www.o-wm.com/article/relative-contributions-interface-pressure-s...

10 of 10 5/2/2016 9:29 AM


