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Sweating the Little Things: Tourniquet Application Efﬁcacy in Two
Models of Pediatric Limb Circumference
Nibras El- Sherif*; Bethany Lowndes*; Walter FranzIII†; M. Susan Hallbeck*; Steven Belau‡;
Matthew D. Sztajnkrycer‡§

INTRODUCTION
In the USA, trauma is the leading cause of accidental injury
death for individuals aged 5–24.1 In patients who succumb
to their injuries, hemorrhage remains the leading cause of
possibly preventable death. Recent military data suggest that
hemorrhage is responsible for 90.9% of potentially survivable combat deaths, with 67.3% of potentially survivable
hemorrhage being truncal.2 It is estimated that hemorrhage
accounts for 35% of civilian prehospital trauma deaths, and
40% of deaths in the ﬁrst 24 hours post-injury.3
In the latter half of the 20th century, the management of
traumatic hemorrhage focused upon large volume crystalloid
resuscitation, with little thought to hemorrhage control.4 In
recent years, the management of life-threatening extremity
hemorrhage has focused upon the early use of tourniquets
(TQ). The U.S. military experience unequivocally demonstrates the life-saving potential of TQ, especially when
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applied at the point of wounding and prior to the onset of
shock.5–8 This knowledge has increasingly migrated into the
civilian EMS sector, culminating in the Stop The Bleed campaign.9–11
Modern commercial TQs were developed for and initially
evaluated in the management of extremity hemorrhage in an
adult population. Children have smaller limb circumferences
and different blood vessel compliances. Although current
military recommendations include the use of TQ in appropriate pediatric trauma patients, little data are available on pediatric TQ efﬁcacy.12,13 Lack of data on pediatric TQ use has
been identiﬁed as a key civilian knowledge gap.14 Prior to
in vivo evaluation of TQ efﬁcacy in pediatric patients, analysis in simulated models is required. The purpose of the
current study was to identify structural design limitations
present in commercially available TQs that might interfere
with adequate hemorrhage control in two simulated pediatric
limb models.

METHODS
Study Design
This was a descriptive analysis utilizing two simple models of
simulated pediatric limb circumference. This study was
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ABSTRACT Background: Current military recommendations include the use of tourniquets (TQ) in appropriate
pediatric trauma patients. Although the utility of TQs has been well documented in adult patients, the efﬁcacy of TQ
application in pediatric patients is less clear. The current study attempted to identify physical constraints for TQ use in
two simulated pediatric limb models. Methods: Five different TQ (Combat Application Tourniquet (CAT) Generation
6 and Generation 7, SOFTT (SOF Tactical Tourniquet), SOFTT-W (SOF Tactical Tourniquet – Wide), SWAT-T
(Stretch Wrap and Tuck – Tourniquet) and a trauma dressing were evaluated in two simulated pediatric limb models.
Model one employed four cardiopulmonary resuscitation (CPR) manikins simulating infant (Simulaids SaniBaby),
1 year (Gaumard HAL S3004), and 5 years (Laerdal Resusci Junior, Gaumard HAL S3005). Model two utilized polyvinyl chloride (PVC) piping with circumferences ranging from 4.25” to 16.5”. Speciﬁc end-points included tightness of
the TQ and ability to secure the windlass (where applicable). Results: In both models, the ability to successfully apply
and secure the TQ depended upon the simulated limb circumference. In the 1-year-old CPR manikin, all windlass TQs
failed to tighten on the upper extremity, while all TQs successfully tightened at the high leg and mid-thigh. With the
exception of the CAT7 and the SOFTT-W at the mid-thigh, no windlass TQ was successfully tightened at any extremity location on the infant. The SWAT-T was successfully tightened over all sites of all CPR manikins except the infant.
No windlass TQ was able to tighten on PVC pipe 5.75” circumference or smaller (age < 24 months upper extremity).
All windlass TQs were tightened and secured on the 13.25” and 15.5” circumference PVC pipes (age 7–12 years lower
extremity, age >13 years upper extremity). The SWAT-T was tightened on all PVC pipes. Discussion: The current
study suggests that commercial windlass TQs can be applied to upper and lower extremities of children aged 5 years
and older at the 50%th percentile for limb circumference. In younger children, windlass TQ efﬁcacy is variable.
Further study is required to better understand the limitations of TQs in the youngest children, and to determine actual
hemorrhage control efﬁcacy.
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Model One – Pediatric Resuscitation Manikin Model
A convenience sample of four commercially available pediatric resuscitation manikins representing an infant (Simulaids
SaniBaby, Simulaids Inc, Saugerties, NY, USA), a 1-year
old child (Gaumard HAL S3004, Gaumard, Scientiﬁc, Miami,
FL, USA), and 5-year old child (Laerdal Resusci Junior,
Laerdal, Stavanger, Norway; Gaumard HAL S3005,
Gaumard, Scientiﬁc, Miami, FL, USA) were utilized in the
study. Two 5-year-old child models were utilized to allow for
potential anthropometric differences in different commercial
products. Speciﬁc upper extremity TQ application sites, where
anatomically feasible due to size constraints, included the
proximal humerus, the mid-biceps area, and the mid-forearm.
Lower extremity application sites included the proximal
femur, the mid-thigh area and the mid-calf.
Model Two – PVC Pipe Model
Six segments of PVC piping with external circumferences
ranging from 10.8 to 41.9 cm were purchased from a local
hardware store (The Home Depot, Atlanta, GA, USA). Sizes
were selected based upon those available for purchase.
Anthropometric data on mean upper and lower limb circumference were used to determine equivalent age ranges for the
PVC piping models.15,16

TABLE I.

CAT7
CAT6
SOFTT
SOFTT-W
SWAT-T
ETD

TQ Efﬁcacy, Simulaids SaniBaby Infant Manikin
Model
Thigh

Calf

Mid-Biceps

Mid-Forearm

W/P
F
F
W/P
F
F

F
F
F
F
F
F

F
F
F
F
F
F

F
F
F
F
F
F

P: Pass.
F: Fail.
W: Windlass-enabled pass.
1st Letter: Ability to tighten TQ.
2nd Letter: Ability to secure the windlass (where applicable).

FIGURE 1. Intrinsic minimum tourniquet circumference secondary to
design limitation. Top: SOFT-T Tourniquet. Bottom: CAT Generation 7
Tourniquet.

Tourniquet Application Success Criteria
Two different components were assessed for successful
application: tightness of the TQ and ability to secure the
windlass (where applicable). The ability to tighten the TQ
strap around the limb without slack was graded as a pass
(P). Slack was identiﬁed based upon the ability to easily slip
more digits than an adult index ﬁnger beneath the TQ strap.
The presence of a very small amount of slack removed by a
single windlass revolution was classiﬁed as a windlass-enabled
pass (W). Failure to remove slack with more than one windlass
revolution was classiﬁed as a fail (F). Ability to secure the
windlass (where applicable) was evaluated in a simple pass/fail
(P/F) manner. If the TQ could not be tightened, the ability to
secure the windlass was not assessed.

FIGURE 2. Width limitation of elastic TQ in infant-sized manikin.
Inherent size constraint of eleastic TQ results in crossing of joint line.
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Tourniquets
Four different commercially available windlass TQ (Combat
Application Tourniquet Generation 6 and Generation 7 (CAT6,
CAT7, C-A-T Resources, Rock Hill, SC), SOF Tactical
Tourniquet and SOF Tactical Tourniquet-Wide (SOFTT,
SOFTT-W, Tactical Medical Solutions, Anderson, NC), an
elastic TQ (Stretch Wrap and Tuck Tourniquet (SWAT-T,
TEMS Solutions, Abingdon, VA)) and a commercially available trauma pressure dressing (Emergency Trauma Dressing
(ETD), Flat, 4”, North American Rescue, LLC, Greer, SC),
were evaluated during the current study.

RESULTS
Manufacturing constraints related to the size of the stabilizing plates limited the minimum limb circumference for both
the CAT and SOFTT brands of TQ (Fig. 1).
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DISCUSSION
Severe trauma remains a major public health threat, representing an estimated 12% of the global burden of disease.3,17
Although anatomic location and situation are not provided,
studies suggest that 30–40% of civilian trauma mortality is
secondary to hemorrhage, with 33–56% of these deaths
occurring in the prehospital environment.3 Current military
data suggest that 13.5% of possibly survivable hemorrhage
involve isolated extremity wounds.2 Based upon the U.S.
military experience, TQs are increasingly recommended for
the emergent management of exsanguinating extremity hemorrhage; these recommendations extend to pediatric
patients.5–7,10,11
TABLE II. TQ Efﬁcacy, Gaumard HAL S3004 1-Year-Old
Manikin Model

CAT7
CAT6
SOFTT
SOFTT-W
SWAT-T
ETD

Thigh

Calf

Mid-Biceps

Forearm

P/P
P/P
P/P
P/P
P
P

W/P
W/P
F
F
P
P

F
F
F
F
P
P

F
F
F
F
P
P

P: Pass.
F: Fail.
W: Windlass-enabled pass.
1st letter: Ability to tighten TQ.
2nd letter: Ability to secure the windlass (where applicable).
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A retrospective study of trauma patients identiﬁed vascular
injuries in 3.5% of 4,402 pediatric trauma patients treated at U.S.
military hospitals.13 Penetrating trauma was the mechanism of
injury in 95.6% of cases, with 58.0% associated with blast injury.
Upper extremity injury was noted in 28.1% of cases, while lower
extremity injury occurred in 37.8%.
The efﬁcacy of TQ application in children remains unclear.
An orthopedic study demonstrated difﬁculty in TQ application
for patients under 2 years of age.18 In the study of pediatric
vascular injuries, 6/112 (5.4%) patients had TQ applied, with 3
applied in the prehospital environment and 3 in the emergency
department.13 All three patients with ﬁeld TQ application survived, although all three received primary or secondary amputation. This may reﬂect the signiﬁcant injuries requiring
prehospital TQ application. Of the two patients receiving ED
TQ application who survived, neither required an amputation.
However, this may reﬂect selection bias, in that the patients
were sufﬁciently stable to survive to deﬁnitive care. No information on age or TQ location was provided.
A retrospective analysis of a military trauma registry identiﬁed 88 cases of pediatric TQ use between May 17, 2003 and
December 25, 2009.12 In the study, 81.8% of patients were
male, with a mean age of 11 years, and a range of 4–17 years.
The results of the study were similar to previous non-pediatric
studies, suggesting that TQs were useful in this patient group.
Unfortunately, no information was provided concerning location of injury (upper vs lower extremity) in relationship to age.
Younger patients were more likely to die of wounds, but this
ﬁnding was not signiﬁcant. Additionally, the registry only captured hospitalized patients in whom TQs were applied. As
such, patients who died in the prehospital environment after
TQ failure, or those who presented without TQs after failure of
prehospital application, would not have been captured in the
study, thereby biasing the results.
In the civilian setting, pediatric TQ use is even more
sparsely described. A single case report documents the application of a C-A-T TQ to the upper thigh of a 30 kg, 7-year
old male after laceration of the femoral artery.19 A 6-yearold male succumbed to a femoral artery bleed during a
school shooting.20 The speciﬁc location of the injury, and
whether it was amenable to TQ application (ie extremity versus junctional), has not been reported. The lack of knowledge about pediatric TQ efﬁcacy has been identiﬁed as a
signiﬁcant knowledge gap.14
The current study suggests that TQs may have some utility, but that this utility depends upon TQ type, patient age
(as a surrogate for limb circumference), and limb location
(upper versus lower, proximal versus distal). In the manikin
model, TQs were successfully tightened when placed on the
proximal lower extremity in the 1- and 5-year-old models.
The fact that this location resulted in successful application
suggests that a “high-and-tight” approach might be particularly beneﬁcial in the pediatric population. A previous study
demonstrated 100% TQ efﬁcacy in an adult proximal thigh
model.21 Results on the upper extremity were mixed, even in
363
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The results for the infant manikin are provided in Table I.
With the exception of the mid thigh, all windlass-equipped
TQs failed to tighten appropriately. Although the SWAT-T
and the ETD were successfully tightened, they were classiﬁed as TQ failures because their width precluded the ability
to isolate a speciﬁc location on the limb, with resultant risk
of TQ application below the wound (Fig. 2).
Results for the 1-year old manikin are provided in
Table II, while results for 5-year old manikins are provided
in Tables III and IV. All TQ were able to be tightened in
simulated proximal lower extremity in ages 1 year and older.
Windlass-equipped TQs were unable to be tightened in the
proximal upper extremity of the 1-year old manikin.
Windlass-enabled successful TQ application was observed in
the proximal upper extremity of the 5-year old manikins.
Successful elastic TQ application was not limited by limb
circumference, but rather limb length; the shorter the limb,
the greater the likelihood of crossing either the elbow or
knee joint, impairing efﬁcacy.
Similar ﬁndings were noted for the PVC pipe model
(Table V). TQs were more consistently successful on a simulated lower extremity equivalent than on an upper extremity
equivalent. Even when successfully tightened, the smaller
pipe diameters frequently prevented successful securing of
the windlass.

Sweating the Little Things
TABLE III. TQ Efﬁcacy, Laerdal Resusci Junior 5-Year-Old Manikin Model

CAT7
CAT6
SOFTT
SOFTT-W
SWAT-T
ETD

High Leg

Mid-Thigh

Mid-Calf

Mid-Biceps

Mid-Forearm

P/P
P/P
P/P
P/P
N/A*
N/A*

P/P
P/P
P/P
P/P
P
P

W/P
W/P
P/P
W/P
P
P

W/P
W/P
P/P
P/P
P
P

W/P
W/P
W/P
F
P
P

TABLE IV. TQ Efﬁcacy, Gaumard HAL S3005 5-Year-Old Manikin Model

CAT7
CAT6
SOFTT
SOFTT-W
SWAT-T
ETD

High Leg

Mid-Thigh

Mid-Calf

Mid-Biceps

Mid-Forearm

P/P
P/P
P/P
P/P
NA*
NA*

P/P
P/P
P/P
P/P
P
P

W/P
W/P
P/P
P/P
P
P

W/P
W/P
P/P
P/P
P
P

F
W/P
W/P
F
P
P

P: Pass.
F: Fail.
W: Windlass-enabled pass.
1st letter: Ability to tighten TQ.
2nd letter: Ability to secure the windlass (where applicable).
N/A*: Width of the elastic TQ resulted in placement in an area including both the high leg and the mid thigh.

TABLE V.

TQ Efﬁcacy, PVC Pipe Model

PVC Circumference (CM)

Age (Mos) Equivalent
UE

Age (Mos) Equivalent
LE

CAT7

CAT6

SOFTT

SOFTT-W

SWAT-T

ETD

10.8
14.6
19.7
23.5
33.7
41.9

0–3
19–24
109–120
>156
>156
>156

N/A
N/A
3–6
10–12
85–96
133–144

F
F
P/F
P/F
P/P
P/P

F
F
P/F
P/F
P/P
P/P

F
F
P/P
P/P
P/P
P/P

F
F
W/P
W/P
P/P
P/P

P
P
P
P
P
P

F
F
P
P
P
P

P: Pass.
F: Fail.
W: Windlass-enabled pass.
UE: Upper extremity.
LE: Lower extremity.
1st Letter: Ability to tighten TQ.
2nd Letter: Ability to secure the windlass (where applicable).

the 5-year-old models. However, a pass or a windlassenabled pass was possible in the upper arm of the 5-year-old
models. The elastic TQs were more efﬁcacious in smaller
circumference locations when compared with windlass-TQs.
The PVC pipe model demonstrated similar ﬁndings. Smaller
circumferences impeded TQ application. No windlass-TQ was
successful when applied to PVC pipe simulating upper

extremity, age <24 months. The smallest circumferences
resulted in such sharp angles between the windlass and the constricting band that even if tightened, the TQ could not be
secured. All windlass-TQs were successful when placed on
PVC pipe equivalent to lower extremity, age >7 years.
In combat, windlass-TQ designs are preferred over elastic
TQs, in part due to ease of use and ability for self-application
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P: Pass.
F: Fail.
W: Windlass-enabled pass.
1st letter: Ability to tighten TQ.
2nd letter: Ability to secure the windlass (where applicable).
N/A*: Width of the elastic TQ resulted in placement in an area including both the high leg and the mid thigh.
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Limitations
The current study contains a number of limitations inherent
to the nature of the study. Neither model was validated as a
hemorrhage control simulator, and the PVC pipe model was
particularly simplistic. The ability to tighten and secure a TQ
is a simple and likely inadequate surrogate for in vivo ability
to control extremity hemorrhage, especially when describing
a windlass-enabled pass. A study on windlass-TQs demonstrated impaired TQ performance with any slack present.24
While the inability to secure a TQ suggests a potential lack
of clinical efﬁcacy, the rigid nature of the PVC pipe may
have artiﬁcially impaired this step.
The nature of pediatric adipose tissue and location of blood
vessels may not permit adequate control even with a secured
TQ. Alternatively, the lower mean systolic blood pressures
noted in pediatric patients may actually improve TQ efﬁcacy
or permit the use of pressure dressings in wounds that would
have required TQ application in adults. Further research is
needed to study the physiology of hemorrhage control in this
patient population.
The ages associated with the PVC pipe model were generated from anthropometric data representing idealized BMI
data at the 50%. This may not accurately reﬂect modern western children, especially given the current childhood obesity
epidemic.25 Likewise, although developed to be realistic, the
manikins represent an idealized body mass/size. Both models
reﬂect a western bias, and may not adequately identify ethnic
differences, particularly in places with child malnourishment
and illness prone to conﬂict and therefore TQ need.

Downloaded from https://academic.oup.com/milmed/article-abstract/184/Supplement_1/361/5418709 by guest on 14 November 2019

and in part due to the mechanical advantage created by the
windlass.22 The two commonly ﬁelded CoTCCC-approved
TQs are both windlass-TQs. However, both of these TQs have
a minimum effective circumference due to manufacturer design
(Fig. 1). The use of elastic TQs may actually be more efﬁcacious in pediatric patients, particularly smaller/younger patients,
for several reasons. First, the design of elastic TQs permits
more effective application on smaller circumferences. Second,
pediatric patients have lower systolic blood pressures than
adults, which may permit hemostasis with less applied force
than large, muscular limbs encountered in combat soldiers.18,23
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