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21 SUMMARY:
22 An ultrasound probe coupled with a pressure sensor is used to assess the intra-compartmental
23 pressure of the leg by directly measuring the compartment fascia flattening pressure (CFFP). This
24 non-invasive protocol will provide reliable assessment of the pressure inside the anterior
25  muscular compartment of the lower leg.
26
27  ABSTRACT:
28 Acute Compartment Syndrome is a devastating consequence of musculoskeletal trauma.
29  Currently the diagnosis is based on clinical signs and symptoms, and while adjuncts such as
30 invasive intra-compartmental pressure measurements are often used to corroborate the physical
31 exam findings, there remains no reliable objective test to aid in the decision to perform a
32 decompressive fasciotomy. In a cadaver model of compartment syndrome, an ultrasound (US)
33  based method has been shown to be a reliable measurement of increased intra-compartmental
34  pressure. An absolute pressure of > 100 mbar or a difference of 50 mbar in the CFFP between the
35 legs can be considered pathologic. Using an ultrasound transducer, coupled with a pressure
36 sensor, the pressure needed to flatten the superficial fascia of the anterior compartment of lower
37 legs (Compartment Fascia Flattening Pressure [CFFP]) can be measured. The CFFP of the injured
38 legis compared to the CFFP of the uninjured leg. This US measured index can then serve as an
39 adjunct to the physical exam in evaluating injured lower extremities and assessing the need for
40 decompressive fasciotomy. The advantages of this protocol include: being a non-invasive method
41  and an easily reproducible technique.
42
43  INTRODUCTION:
44  The purpose of this novel protocol is to evaluate the intra-compartmental pressure of the leg in
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a non-invasive way by using an ultrasound transducer coupled with a pressure sensor.
Compartment syndrome is a well-known complication in musculoskeletal trauma and is the result
of elevated intra-compartmental pressures which compromise the perfusion of tissues leading
to irreversible ischemic injury if not intervened upon. Its diagnosis is primarily based on clinical
exam. Unfortunately, clinical exam alone has been shown to have poor sensitivity and specificity
in the diagnosis of compartment syndrome?. Invasive intra-compartmental pressure measuring
by needle manometry is commonly used in the assessment of compartment syndrome?*. The
disadvantage of needle manometry is that it is an invasive procedure, being quite uncomfortable
for the patient and not amenable to serial measurements. Furthermore, invasive intra-
compartmental pressure measuring measurement is not routinely performed by some surgeons
due to considerable disagreement over the appropriate threshold pressure for diagnosis of ACS
and the high (35%) false positive rate and variability of a single invasive measurement®~’.

It has been previously demonstrated in artificial, animal, and human cadaver models that a rise
in the intra-compartmental pressure results in a decreased elasticity of the fascia overlying the
anterior compartment suggesting a correlation between the intra-compartmental pressure and
compliance of the facial compartment as measured by ultrasound®2°. Further work has described
using the pressure required to flatten the fascia of the anterior compartment as measured by
ultrasound (Compartment Fascia Flattening Pressure [CFFP]) as a surrogate measure of the intra-
compartmental pressure!l. The anterior compartment fascia can be readily visualized with
standard ultrasonography and, with the addition of a pressure sensor to the probe, CFFPs can be
easily and reliably measured. This protocol offers a non-invasive diagnostic alternative for
evaluating intra-compartmental pressures and can be performed quickly and serially with little
to no patient discomfort.

PROTOCOL:
This experimental protocol has been reviewed and approved by our hospital’s institutional
review board (IRB) and follows all guidelines set forth by our institution’s human research ethics
committee.

1. Identify the fascia of the anterior compartment of the leg

1.1. Identify a starting site for the ultrasound probe. Place the probe directly over the anterior
compartment, just lateral to the tibial crest and one handbreadth distal to the tibial tubercle.

1.2. Identify the fascia as the bright, white strip just below the subcutaneous tissue on the
ultrasound. Move the probe until the fascia is seen at the point where it attaches to the tibial

crest.

1.3. Note the geometry of the fascia. With minimal pressure applied, this should be a convex
shape.

2. Measure the Compartment Fascia Flattening Pressure of the injured leg
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2.1. Once the fascia of the anterior compartment is identified, apply slow and steady pressure to
the ultrasound probe until the fascia changes shape from convex to completely flat. Make several
attempts including passing the flattening point to produce a concave shape in an effort to gently
hone in on the exact CFFP.

2.2. Once the anterior compartment fascia is perfectly flat, record the pressure sensor
measurement.

2.2. Repeat the CFFP measurement 2 more times. Record and average all 3 pressures to define
the final CFFP.

3. Calculate the delta CFFP compared to the uninjured (contralateral) leg
3.1. Measure and record the CFFP in the contralateral leg in the same manner described above.

3.2. Calculate the delta CFFP by taking the difference between the CFFP of the injured leg the
well leg.

REPRESENTATIVE RESULTS:

This technique has been used to measure 10 consecutive patients with injured legs without
evidence of compartment syndrome and 3 patients with a clinical diagnosis of compartment
syndrome necessitating decompressive fasciotomies. The average delta CFFP for patients
without compartment syndrome was 10.7 + 10.6 mbar compared to 157 £ 51.7 mbar for patients
with compartment syndrome and single-tailed t-test identified the differences in pressures
between the groups as being statistically significant (P<0.02).

FIGURE AND TABLE LEGENDS:

Figure 1: Ultrasound image of anterior compartments. The bright white fascia overlying the
anterior compartment is demonstrated with the white arrows. Note the convex appearance of
the fascia (A) with gentle pressure with the ultrasound probe versus the flattened appearance of
the fascia (B) seen with applying increased pressure.

DISCUSSION:

This article demonstrates a novel, clinically applicable technique for the non-invasive
measurement of intra-compartmental pressures in the leg using an ultrasound coupled with a
pressure sensor. This technique only requires a hand-held ultrasound and a commercially
available pressure sensing transducer. It is quick and easy to perform and is well tolerated by
patients. The entire diagnostic procedure can be performed in under 5 minutes with no additional
resources. The calculated delta CFFP may then be used in conjunction with the physical exam to
assess the need for decompressive fasciotomy in an injury leg.

The critical step of this protocol requiring the greatest attention to detail is capturing the pressure
value at the point where the fascial layer is completely flat. Subtle convexity or concavity may
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markedly inflate or deflate the CFFP value. Obtaining 3 serial measurements will aid in improving
the accuracy of the test. Additionally, practicing the technique will improve reproducibly and
reliability of this exam.

The next step, which is currently underway, is prospectively evaluating the utility of this
noninvasive ultrasound method for assessing intra-compartmental pressures. We are collecting
a prospective series of patient without compartment syndrome to obtain a baseline reference
for CFFPs. We are also collecting prospective data on patient clinically diagnosed with
compartment syndrome to identify a delta CFFP threshold for predicting the need for
decompressive fasciotomy.
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Name of Material/ Equipment Company Catalog Number
Pressure sensor: Venous pressure
measurement device Vein press VP 2014

Ultrasound probe: Vscan Extend R2
Dual Probe DICOM Base Package GE Healthcare H8038VP
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Comments/Description
A peripheral venous measuring device used in conjuction with an ultrasound to measure
peripheral venous pressure.
Any ultrasound probe will be sufficent for this test. Using the narrow tranducer will
function best when coupled to the pressure sensor
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ltem 1: The Author elects to have the Materials be made available (as described at

Author(s):

http://www.jove.com/publish) via:

ndard Access

Item 2: Please select one of the following items:

DOpen Access

Mlhe Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JOVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Avrticle, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article -
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JOVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
S. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Iitem 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JOVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

- 11, JOVE Discretion. If the Author requests the

assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JOVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JOVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling
or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted
revision may be present in the published version.

AUTHOR RESPONSE: Completed.

2. Please submit the figures as a vector image file to ensure high resolution throughout production: (.svg,
.eps, .ai). If submitting as a .tif or .psd, please ensure that the image is 1920 pixels x 1080 pixels or 300dpi.

AUTHOR RESPONSE: Completed. Image submitted as a .tif in maximum pixels available.

3. Please do not abbreviate journal titles.

AUTHOR RESPONSE: Completed. IJBJS changed to journal of bone and joint surgery. Line 165

4. Please revise the table of the essential supplies, reagents, and equipment. The table should include the
name, company, and catalog number of all relevant materials in separate columns in an xlIs/xlIsx file. Please
sort the Materials Table alphabetically by the name of the material.

AUTHOR RESPONSE: Completed. Only two devices are required and these are listed in
alphabetical order.

5. Please include an ethics statement before the numbered protocol steps, indicating that the protocol
follows the guidelines of your institution’s human research ethics committee.

AUTHOR RESPONSE: Completed.

Line 68-71 “Ethics Statement: This experimental protocol has been reviewed and approved by
our hospital’s institutional review board (IRB) and follows all guidelines set forth by our
institution’s human research ethics committee.”

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

Overall an innovative approach to a challenging clinical problem with severe down stream effects if missed.
Compartment syndrome is a challenge with no real solution outside of clinical exam. This offer a promising
possibility to diagnose and monitor the tissue.

Major Concerns:
None

Minor Concerns:
none

AUTHOR RESPONSE: We appreciate the review and agree that the diagnosis of compartment
syndrome remains elusive. It is our hope this technique may ultimately prove to be a reliable
means of diagnosing compartment syndrome.

Reviewer #2:

Manuscript Summary:

A compartment syndrome is a severe potential threat in trauma patients, and can occur at any age, any
anatomical compartment and can be provoked by different mechanism.
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However, missed diagnosis of an acute compartment syndrome can provoke a severe soft tissue necrosis
with unacceptable consequences up to live threatening complications.

A very wide range of minimal invasive and non-invasive techniques were published in the last decades. All of
them lack due to their reliability and there is in deed a need for further developments.

The authors present a novel technique of measuring the elasticity of the muscle compartment in vitro (Sellei
et al. 2015 in Patient Saf Surg), a cadaver model, which was published previously in 2015 (Sellei et al. in
Eur J Trauma Emerg Surg) using a ultrasound probe connected with a pressure measurement and in 2018
(Bloch et al) in an animal model. The authors should refer to these publications. The results should decribe
the method of statistical calculation.

The aspect of measuring the flattening pressure of the fascia seems to be a promising access. Overall a well
written manuscript with potential clinical impact.

Major Concerns:
none

Minor Concerns:
a) please refer to the above mentioned authors

AUTHOR RESPONSE: We have added the above requested references:

Line 56-59: It has been previously demonstrated in artificial, animal, and human cadaver
models that a rise in the intra-compartmental pressure results in a decreased elasticity of the
fascia overlying the anterior compartment suggesting a correlation between the intra-
compartmental pressure and compliance of the facial compartment as measured by
ultrasound.8-10"

b) please describe the statistical method

AUTHOR RESPONSE: Descriptive analysis included mean, median, and standard deviation was
performed on the compartment pressure data. A single-tailed t-test was used to evaluate for a
difference between the compartment pressures of those who had fasciotomies performed for
compartment syndrome and those who were not diagnosed with compartment syndrome.

Line 110-113: “The average delta CFFP for patients without compartment syndrome was 10.7
+ 10.6 mbar compared to 157 + 51.7 mbar for patients with compartment syndrome and
single-tailed t-test identified the differences in pressures between the groups as being
statistically significant (P<0.02).”



