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Abstract This article reviews current and evolving concepts
in the diagnosis of penetrating diaphragmatic injury with
multidetector CT (MDCT). As criteria for nonoperative man-
agement in the setting of penetrating trauma become more
inclusive, confident exclusion of penetrating diaphragmatic
injury (PDI) has become imperative. Diagnostic performance
of MDCT for PDI has improved substantially with the use of
thin sections and multiplanar reformats. Evaluation of injury
trajectory in nonstandard planes using 3D post-processing
software can aid in the diagnosis. Contiguous injury and
transdiaphragmatic trajectory are the best predictors of PDI.
Careful appraisal of the diaphragm for defects should be
undertaken in all patients with thoracoabdominal penetrating
trauma.
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Introduction

Multidetector CT (MDCT) remains the first-line imaging
modality for screening hemodynamically stable victims of
penetrating torso trauma. Injuries to the thoracoabdominal
region, defined as the area below the nipple line and above

the inferior costal margins, make up a significant propor-
tion of these penetrating torso trauma cases, and diaphrag-
matic injuries are often encountered in this cohort. The
clinical relevance of penetrating diaphragmatic injury
(PDI) has increased with the growing emphasis on selec-
tive nonoperative management (NOM) in penetrating trau-
ma. Powell et al. retrospectively examined a group of
patients selected for NOM based on benign abdominal
exam and hemodynamic stability who went on to diagnos-
tic laparoscopy. Of these patients, 20 % were found to have
a diaphragmatic injury [1]. Another retrospective study
examining 97 patients with thoracoabdominal stab wounds
with no urgent need for laparotomy found an occult dia-
phragmatic injury rate of 7 % overall, with a rate of 17 % in
the subgroup of patients with left-sided injury, possibly
reflecting the protective effect of the liver on the dia-
phragm [2].

PDI is a distinct entity from blunt diaphragmatic rupture
(BDR). Defects are often small, and in the early post-injury
period when patients are likely to undergo CT, there is usually
simple breach of the diaphragm without herniation [3, 4]. This
is in contrast to the large rents typically seen in BDR [3, 5–10].
Findings of PDI can be quite subtle at CT, and diagnosis
remains a challenge.

PDIs and NOM of penetrating torso trauma

Carte blanche laparotomy for patients with penetrating injury
in the thoracoabdominal region leads to a large number of
nontherapeutic laparotomies, with rates of complications
ranging from 8.7 to 20.4 % [11]. As such, trauma surgeons
increasingly favor selective NOM in a significant proportion
of patients with knife wounds who lack peritoneal signs
[11–14] and in a subset of patients with transabdominal
wounds from gunshot trauma [15, 16]. PDIs are often
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clinically occult, but because of the pressure gradient between
abdominal and thoracic cavities, can increase in size over
widely variable periods of time. Delayed presentations can
occur months to years after injury. Devastating outcomes can
result from incarceration and strangulation of abdominal vis-
cera, with a reportedmortality of 20–25% [17, 18]. Therefore,
patients with penetrating thoracoabdominal trauma should be
assumed to harbor a diaphragmatic injury until proven
otherwise.

Conservative management requires confident exclusion of
these and other surgically important injuries. Prospective
studies evaluating patients with penetrating thoracoabdominal
injuries found CT to have a sensitivity of 90.5–98 % and
specificity of 90–96 % for identifying clinically significant
organ injury or need for laparotomy [14, 19, 20]. But, the
accuracy and reliability of CT for diagnosis of PDIs have
been less favorable, with a wide range of sensitivities be-
tween 14 and 94 % [9, 21, 22]. The diaphragm is a thin
sloping structure that is not well appreciated on conventional
thick section axial images, and significant improvements in
diagnostic performance have been described employing thin-
ner sections and multiplanar reformats in conventional and
nonstandard planes [9, 21, 23]. In more recent studies, sensi-
tivities of 73–100 % and overall accuracies of 70–89 % have
been reported [9, 23]. Highly sensitive predictors are needed
to exclude PDI, and herniation-related signs are typically
absent. Because of this, recent studies have also focused on
the ability of CT to detect direct and indirect signs of simple
diaphragmatic breach [9, 23, 24].

CT protocol

Victims of penetrating torso trauma who are hemodynamical-
ly unstable or have overt signs of peritonitis are not candidates
for NOM and are taken directly for exploration.
Hemodynamically stable patients with penetrating
thoracoabdominal trauma are usually scanned at our institu-
tion using a triple contrast protocol, with oral, rectal, and
intravenous contrast. A total of 600 ml of 2 % sodium
diatrizoate (Hypaque sodium; Nycomed, Princeton NJ) is
administered 30 min prior to and then immediately before
CT. A typical 64-section MDCT triple contrast protocol for
penetrating injury involves acquisition of a single sweep arte-
rial phase scan from the thoracic inlet through the symphysis
pubis (Fig. 1) following administration of 100 ml of IV
contrast at 4 ml/s through an 18–20 gauge cannula in an
antecubital vein. This is performed to screen for vascular
and hollow visceral injuries and is followed by a portal venous
phase scan of the upper abdomen, for better appreciation of
parenchymal injury to the solid organs. Arterial and portal
venous phase scans can be acquired using fixed delays of 30
and 70 s, respectively [23]. Images are acquired using 0.625-

mm collimation and reconstructed with 50 % overlap at 3 mm
for interpretation and 2 mm for 3D post-processing. Coronal
and sagittal multiplanar reformats are routinely generated by
the technologist, and additional post-processing is performed
by the radiologist using thin client software (TeraRecon, Inc.,
Foster City, CA) which is available at all workstations.

Multiplanar reconstructions

With high-quality coronal and sagittal images, the diagnostic
value ofMDCT for evaluating PDI has increased dramatically
[9, 21]. Because of the high incidence of PDI in
thoracoabdominal penetrating trauma, any penetrating injury
occurring below the nipple line or above the costal margin
warrants a careful evaluation of the diaphragm in multiple
planes. An appropriate index of suspicion and careful evalu-
ation in multiple planes is likely responsible for the learning
curve seen in the diagnosis of these injuries, which is more
often made by experienced trauma radiologists [23, 25]. The
combination of decreased respiratory motion and near isotro-
pic resolution made possible by 64-section and higher CT
scanners has further improved our ability to resolve these
injuries with conventional multiplanar reconstructions
(MPRs) and allows additional problem solving in nonstandard
planes by evaluating thin section images using post-
processing software as needed.

Signs of PDI

Signs of PDI can be grouped into two main categories—those
that are herniation-related and those seen in simple breach.
Published ranges of sensitivities and specificities for both
types of signs in penetrating trauma are shown in Table 1.

Herniation-related signs

Herniation-related signs are also referred to as “BDR-related”
by some authors because they are more commonly seen in
blunt trauma [26], but all of these signs are also seen in PDIs
with sufficiently large defects, and the term “herniation-relat-
ed” is more inclusive [25]. Herniation-related signs include
collar sign, dependent viscera, hump sign, and dangling dia-
phragm. These signs are highly specific but notably insensi-
tive in the setting of penetrating trauma, as herniation is often
not apparent given the typically small defect size.

Collar sign

Collar sign is defined as an area of constriction at the level of the
diaphragm around the herniated contents, which usually contain
hollow viscera (Fig. 2a) or outpouchings of fat [10, 22, 27].
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Dependent viscera sign

In the supine position, the posterior diaphragm supports the
abdominal viscera. If a diaphragmatic injury is present, the

abdominal viscera (usually the stomach or bowel) are no
longer supported and fall dependently against the posterior
ribs [28] (Fig. 2b).

Hump sign/band sign

Hump and band signs are variations of collar sign and are
seen in the setting of herniation of the liver through the
right hemidiaphragm. The hump sign refers to a focal
abnormali ty of the normal contour of the r ight
hemidiaphragm related to bulging of the liver parenchyma
through the site of diaphragmatic injury. The band sign
describes a linear ring of low attenuation involving the
liver parenchyma at the site of diaphragmatic breech,
thought to be due to decreased perfusion from constric-
tion at the narrow region of herniation [10, 27].
Herniation of viscera is less likely through right-sided
diaphragmatic defects because of the protective effect of
the liver; however, ventilation can be impaired when
herniated liver causes significant decreases in lung vol-
ume. For this reason, right-sided defects are repaired
selectively.

Dangling diaphragm sign

Dangling diaphragm is usually seen with large diaphrag-
matic defects. The free edges of the diaphragm near the
defect are retracted and take on a curled appearance, as if
they were freely dangling. Dangling diaphragm, hump

ba

Fig. 1 Coronal reformatted arterial phase image from penetrating torso
trauma protocolMDCT in an 18-year-old gunshot trauma victim. The patient
was deemed hemodynamically stable at admission and had not developed
peritoneal signs by the time CTwas performed. Extravasated oral and rectal
contrast is seen resulting from the multiple GI tract injuries to the cecum,
sigmoid, and transverse colon, jejunum, stomach, and left hemidiaphragm. b
A discrete diaphragmatic defect was not seen in this patient. However, the

presence of contrast and blood on both sides of the left hemidiaphragm was
highly suggestive of diaphragmatic injury (arrow). In the presence ofmultiple
injuries, this sign is sensitive but not specific. In this case, because contrast
was found on the thoracic surface of the diaphragm, PDIwas suspected at CT
and subsequently confirmed and repaired during exploratory laparotomy.
Diaphragmatic injuries are sometimes missed during exploration in patients
with multiple injuries

Table 1 Sensitivities and specificities of individual signs of PDI

Sign Sensitivity Specificity

Herniation-related

Collar signa 0–24 % 100 %

Dependent viscera 0 % 100 %

Hump signb NR NR

Band signc NR NR

Dangling diaphragmd NR NR

Simple breach

Diaphragm thickening 48 % 70 %

Extravasation near diaphragm 8 % 100 %

Contiguous injury (single entry wound) 82–100 % 82–83 %

Contiguous injury (multiple entry wounds) 80–93 % 50–67 %

Diaphragm defect 7–60 % 92–100 %

From Bodanapally et al., Larici et al., and Dreizin et al. [9, 22, 23]

NR not reported (to our knowledge, no report to date in the literature for
penetrating injury)

In blunt trauma [24, 29, 44–46]:
a Sensitivity 36 %, specificity 100 %
b Sensitivity 50–83 %, specificity NR
c Sensitivity 33–42 %, specificity NR
d Sensitivity 27–54 %, specificity 98 %
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sign, and band sign have not been independently evaluated
in penetrating trauma but are known to occur in this setting
[29] (Fig. 3).

Signs of simple breach

Because herniation-related signs are specific but usually ab-
sent in PDI, a number of authors have attempted to elucidate
findings that are sensitive in this setting. Thickening of the
diaphragm is neither sensitive nor specific [9], and active
arterial extravasation along the diaphragm is an insensitive
indirect sign [22], both of which lack clinical utility. CT
trajectograms showing a missile or knife track traversing the
diaphragm were first evaluated as a sign of simple breach by
Larici et al. using single-slice helical CT [22]. The thick
section images and correspondingly poor quality of recon-
structions by today’s standards led to suboptimal results (sen-
sitivity 36 %).

A sign described initially by Shanmuganathan et al. in 2004
[30] called “contiguous injury on both sides of the dia-
phragm”—now simply referred to as contiguous injury—
serves as an indirect but more sensitive surrogate of
transdiaphragmatic injury [23], a sort of “poor man’s
trajectogram.” The sign is positive when there is organ lacer-
ation, blood, gas, shrapnel, or other evidence of injury imme-
diately adjacent to both sides of the diaphragm (Figs. 1b and 4).
This may be along an injury trajectory or may be more diffuse,
such as hemothorax and hemoperitoneum spanning the length
of the diaphragm [23]. Contiguous injury was evaluated by
Bodanapally et al. but only for patients with single penetrating
wounds [9]. Multiple injuries above and below the diaphragm
can result in the sign appearing positive even though the
diaphragm itself remains intact. Amore recent study concluded
that while contiguous injury is sensitive regardless of whether

ba

Fig. 2 a Collar sign. Coronal thick slab image in a 21-year-old stabbing
victim. The injured left hemidiaphragm (arrows) is constricted around
herniated stomach and colon. The diaphragmatic injury had propagated
to 10 cm in length at exploratory laparotomy. The stomach and

transverse colon were reduced, and the diaphragmatic injury was
repaired. b Dependent viscera sign. Axial thick slab image in the same
patient shows the stomach (star) abutting the posterior ribs

Fig. 3 Dangling diaphragm. Twenty-five-year-old patient PDI from left
thoracoabdominal stab wound and no other surgically important injury.
The edges of the diaphragm at both ends of the defect (arrows) appear
curled, retracted, and thickened. The isolated diaphragmatic injury was
surgically repaired

Fig. 4 Contiguous injury. Axial CT image in a 29-year-old patient with
PDI from a right thoracoabdominal stab wound. Hemothorax and
hemoperitoeneum abut both sides of the right hemidiaphragm (arrows).
Lacerated posterior right lobe of the liver and foci of free air are also
demonstrated. The patient underwent repair of the PDI. No other surgi-
cally important injury during exploration
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there are single or multiple wounds, it is no longer specific in
the setting of multiple entry wounds [23]. While only a high
sensitivity is needed to confidently exclude these injuries,
specificity is also valuable because it allows the radiologist to
pinpoint the diaphragmatic injury for the trauma surgeon prior
to repair [23]. In the chaotic trauma setting, these are some-
times missed at laparotomy. Diaphragmatic injuries can also be
missed laparoscopically, particularly in posterior locations [1,
31–38].

With 64-section and higher MDCT, the sensitivity of CT
trajectograms has increased substantially. Near isotropic reso-
lution allows improved visualization and characterization of
both gunshot and knife wound tracks, particularly when
viewed along their lengths using double oblique planes

(Figs. 5 and 6), which can be rapidly generated using 3D
post-processing software [23]. This technique, which we refer
to as CT trajectography (CTT), as well as associated pitfalls
have recently been described by independent groups in both
civilian and wartime penetrating torso trauma [23, 39–42].
The high sensitivity of contiguous injury has been confirmed
in several studies [9, 23, 24], and its absence may be a reliable
indicator for excluding diaphragmatic injury in patients who
may otherwise be candidates for NOM.

a bFig. 5 a, b Orthogonal double
oblique CT trajectographic
images in a 19-year-old patient
with gunshot wound show
transdiaphragmatic trajectory at
two points of the right
hemidiaphragm, one anteriorly
and one posteriorly (arrows). The
patient was managed
conservatively without
complication. A HIDA scan was
performed that showed no bile
leak or biliary pleural fistula

Fig. 6 Double oblique CT trajectogram in a 44-year-old patient with PDI
shows knife wound track traversing the left hemidiaphragm anteriorly
(arrow). The diaphragmatic injury and small laceration of the stomach
were repaired

Fig. 7 Double oblique CT trajectogram in a 24-year-old patient with
thoracoabdominal gunshot wound. On the right, it is unclear whether the
bullet track crosses the free diaphragm or whether the injury is inferior to
its muscular attachment to the body wall. Both left and right
hemidiaphragmatic injuries were confirmed at surgery. A gastric wound
was also present which was repaired, and argon beam coagulation was
used to repair the through-and-through liver injury
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MDCT pitfalls

Evaluation of wound tracks can bemisleading on axial images
as these may appear to traverse the diaphragm even though on
conventional MPRs or CTT; the path can be shown to cross
just above or below it. The distinction is also important for
appropriate operative sequencing (i.e., initial laparotomy or
thoracotomy).

The diaphragm consists of a central aponeurosis and pe-
ripheral muscular portion which inserts anteriorly at the xi-
phoid process, laterally at the costal margins, and posteriorly
on the upper lumbar vertebrae. The diaphragm blends with the
abdominal wall musculature at its insertion. Wound tracks
crossing through this portion result in “corner injuries” that
may or may not involve the free diaphragm; the need for
surgical repair of these injuries can be difficult to establish
with CT [25] (Fig. 7).

Knife wound tracks can be very difficult to appreciate on
thick sections due to volume averaging. Even on thin sections,
knife wounds can appear discontinuous, and the trajectory
may have to be extrapolated when possible [25]. The tracks
may appear to terminate close to the diaphragm, without
obviously traversing it (Fig. 8). A careful appraisal of the
diaphragm may reveal a small defect in positive cases [25].
No study to date has specifically evaluated diagnostic accura-
cy for PDI in the subset of patients with stab wounds.

Trajectories may appear not to follow a straight course
when the phase of respiration at the time of the injury is
different than during the scan or as a result of arm elevation
(Fig. 9). This may lead to apparent track discontinuity or false
curvature. Ricochet off of bone can also dramatically alter the
wound path. Curving trajectories may result from bullet yaw

a bFig. 8 Double oblique CT
trajectogram along a knife wound
track in a 31-year-old patient with
left PDI from thoracoabdominal
stab wound. The track extended
to but not beyond the
hemidiaphragm (a). A
diaphragmatic defect seen near
the end of the track is shown to
better advantage on the coned
down axial image (b). A small
diaphragmatic rent was found
intra-operatively and repaired

Fig. 9 Axial CT image in a 28-year-old patient with surgically proven
PDI from a left thoracoabdominal stab wound shows discontinuity of the
knife wound track (arrows) resulting from distortion caused by the
different phase of respiration and arm elevation

Fig. 10 Curved planar reformated image in a 37-year-old gunshot trauma
victim showing the curved path of the bullet resulting from ricochet off of
a left rib and bullet yaw. A diaphragmatic defect with adjacent lead dust
along the gunshot track is seen posteromedially (arrow)
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or tumbling (Fig. 10). Conceivably, shockwave and cavitation
around the path of a gunshot wound can transmit to the
opposite side of the diaphragm, resulting in contiguous injury
even though the diaphragm itself may remain intact [9].
Transdiaphragmatic trajectory can also be obscured or
displaced by neighboring more diffuse manifestations of pen-
etrating injury such as hemoperitoneum, hemothorax, pneu-
mothorax, injury related to chest tube insertion, or extravasat-
ed luminal contrast from perforated bowel [23, 25].

Preexisting diaphragmatic defects can be mistaken for
PDIs. Small regions of discontinuity in the diaphragm have
been described as incidental findings in postmortem subjects
and appear to occur with increased incidence in patients with
emphysema [43].

Conclusion

As criteria for NOM becomes more inclusive, confident ex-
clusion of PDI has become imperative. Older studies describ-
ing low diagnostic accuracy of CT for PDI are not applicable
to the current state of thin section MDCT. Contiguous injury
and transdiaphragmatic trajectory are the best predictors of
PDI. Careful appraisal of the diaphragm for defects should be
undertaken in all patients with thoracoabdominal penetrating
trauma.
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