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Abstract

Background: In 1956, there was an attempt to unify a group
of diverse patients with symptoms in the shoulder and upper
extremity who presented with pain, numbness, tingling, and
swelling under the umbrella of Thoracic Outlet Syndrome (TOS).
Since that publication, the TOS has been associated with a number
of controversies. These have included confusion about the actual
pathophysiology of the disease, the appropriate diagnostic tests,
and the appropriate therapeutic interventions. In the six decades
since Peet’s publication, the only consistent aspects of TOS have
been the confusion among medical practitioners and the poor
results with any form of intervention. Furthermore, if the purpose
of unifying the group of patients with neurovascular symptoms
of the upper extremity was to improve therapeutic outcomes,
based on the published experience, such an effort has not been
successful.

Aims: The history of the diagnosis and treatment of the
neurovascular conditions of the upper extremity can shed light on
the confusion that surrounds the definition, diagnosis, and therapy
of this disease.

Methods: Extensive search was conducted using PubMed. In
order to extract references to the diagnosis and treatment of
Cervical Rib Disease and TOS.

Conclusion: Understanding this complex history has paved the
way for the identification of the pathophysiologic cause, more
useful classification, more accurate diagnostic tools, and more
effective therapy for TOS.

Abbreviations

CRS: Cervical Rib Syndrome; TOS: Thoracic Outlet Syndrome;
SPCRS: Surgical Procedure for Cervical Rib Syndrome; PSS:
Paget-Schroetter Syndrome; CR: Costoclavicular Syndrome.

Introduction

Thoracic Outlet Syndrome (TOS) remains a challenging and widely
misunderstood disorder that affects the upper extremity [1-3].
TOS is associated with several controversies. These include the
definition of the disease, the actual pathophysiology of the disease,
the appropriate diagnostic tests, and the appropriate therapeutic
interventions. Presently, the only consistent aspects of TOS are the
confusion among medical practitioners and the poor results with
alltherapeutic interventions. The philosopher George Satayana has
been credited with saying: “Those who cannot remember the past
are condemned to repeat it" [4]. This observation is especially true
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when trying to understand the controversies that are associated
with TOS. For two millennia, physicians and scientists have made
observations about the neurovascular conditions that affect the
upper extremity. These observations have been related to a variety
of conditions and pathophysiologic processes. Regrettably, with
very little attention to this rich history, in the 1950's an attempt was
made to consolidate all conditions that affect the upper extremity
under the umbrella of TOS.

In 1956, Peet, a physiotherapist at Mayo Clinic, published the
paper Thoracic outlet syndrome: evaluation of a therapeutic
exercise program. He used the term TOS and proposed a possible
neurocompressive etiology for patients who presented with
symptoms affecting the upper extremity [5]. Furthermore, Peet
classified TOS based on presenting symptoms as Neurogenic,
Venous, and Arterial disease. To a large extent, Peet’s classification
of TOS by symptoms rather than the underlying pathophysiologic
condition gave rise to the many controversies surrounding TOS
today. A better understanding of TOS needs to begin with an
understanding of the historic background to the conditions that
affect the upper extremity which present with the variety of
symptoms that have been attributed to the nerves and the blood
vessels. Understanding the history will serve to clarify the many
misunderstandings which are responsible for the controversies
associated with TOS. Furthermore, a better understanding of the
historical background will enable the distinction between the two
entities that erroneously have been combined under TOS, Cervical
Rib Syndrome (CRS) and the conditions that affect the thoracic
outlet. Most importantly, a better understanding of this history
will prevent repeating the past and allow for a more accurate
diagnostic and therapeutic strategy for TOS.

Historical narrative first century: The cervical rib was first
described in 150 A.D. by Galen, the Greek anatomist and court
physician to Marcus Aurelius. As at that time, human dissection
was forbidden and thereafter remained forbidden for several
centuries, to a large part, Galen's anatomic observations were
based on the dissection of apes [6] (Figure 1).

( 1)

& ‘ /
Figure 1: Cervical radiograph showing a right sided cervical rib. Cervical ribs or fibers

which originate from a cervical rib and insert onto the first rib result in compression
of the brachial plexus in the neck, and the second portion of the subclavian artery
after it crosses over the first rib. There is no involvement of the subclavian vein with
cervical rib disease.

Seventeenth century: In 1615, Helkiah Crooke, who served as
Court physician to King James | of England and was appointed
as the Keeper of Royal Bethlem Hospital, described cervical ribs
in Humans [7]. In the book, Mikrokosmographia: A Description of
the Body of Man, he described cervical ribs as They are commonly
both in men and in women on each side twelve, oftener more than
fewer. For Nature would rather there should be an abundance
than want. Thereafter, Bauhine found thirteen on each side; the
first on the left side was perfect, but the first on the right side was
imperfect. Fallopius also twice found one too many; Columbus
once described eleven at Padua.

Eighteenth century: In 1743, Frangois Joseph Hunault described
and categorized human supernumerary ribs, including cervical
ribs.

Nineteenth Century: Cervical Ribs: Subclavian Artery
Compression and Aneurysm: Until 1818, clinical and symptomatic
manifestations of cervical ribs were unknown. In that year, Sir
Astley Cooper, the English surgeon and sergeant surgeon to Kings
George IV and William IV, and to Queen Victoria, and founder of the
famous medical school at Guy’'s Hospital in London, described a
young woman with pulselessness and gangrenous spots on her
fingers, in conjunction with a palpable hard mass at the base of
the neck [8]. Cooper described, | have however seen an exostosis
arise from the sixth or seventh cervical vertebra, or perhaps from
both. Cooper attributed the patient’s symptoms to a projection of
the lower cervical vertebra towards the clavicle, and consequent
pressure upon the subclavian artery. Although this was a landmark
discovery, unfortunately the future generations of physicians
referred to the compression of the subclavian artery by a cervical
rib anomaly as TOS as opposed to Cooper's original and more

accurate description of CRS.

In 1831 H. Mayo provided the first description of a subclavian
artery aneurysm associated with a cervical rib [9]. In 1853, John
Hilton, a British surgeon, described gangrene in a patient with
compression of the subclavian artery caused by an exostosis
of the first rib [9]. In 1861, Holmes Coote, another English
surgeon, performed the first Surgical Procedure for Cervical Rib
Syndrome (SPCRS) [10]. The patient was a 26-year-old woman
who presented with a hard mass in the left lower neck, which
was present since childhood. The tumor had grown, and she
experienced paresthesia in the tips of her fingers, with loss of
pulses at the wrist, wasting of muscles in the arm, and weakness
leading to dropping of items. Coote explored the area while the
patient was fully under the influence of chloroform. He noted a
bony ‘tumor, which he had to divide from the cervical vertebra. He
also found it was attached to the first rib anteriorly. He removed
as much of the ‘tumor’ as he could, and pulse returned in the left
upper extremity. The bony tumor was referred to as an exostotic
growth from the transverse process of the seventh cervical
vertebra and a development of the costal element, the rib, of the
seventh cervical vertebra. Interestingly Coote described the same
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trepidation experienced by modern surgeons in treating CRS but
the region was not a pleasant one for any proceeding demanding
the use of the knife. The subclavian artery and vein were in front;
the axillary plexus of nerves lay spread out above; below, the apex
of the lung, covered by the pleura, rose in dangerous proximity;
on the scalenus was the phrenic nerve; while towards the mesial
line were the important vessels and nerves passing to the head,
together with the vertebral vessels and thoracic duct. You can
understand, therefore, why | was cautious in what | did.

In 1869, Gruber published a classification system for cervical ribs.
His classification was based on the length of the cervical rib and
its attachment to the first rib. This classification remains relevant
today [11,12].

1. Type: Cervical rib extends to the transverse process of C7.

2. Type: Cervical rib extends beyond the transverse process
with no connection to the first thoracic rib.

3. Type: Cervical rib extends beyond the transverse process
with partial fusion to the first rib by fibrous bands or cartilage.

4. Type: Cervical rib is completely fused to the first rib by a
bony pseudo-articulation.

In 1884, Gould described a 19-year-old laborer who had pain,
weakness, and coldness of his right hand. Gould found a cervical
rib on examination, and he could create turbulence within the
adjacent subclavian artery by pressing on it. Years later, the right
arm pulse disappeared, and weakness appeared in the left arm.
This was the first description of what was presumed to be an
embolic stroke associated with thrombosis of the subclavian
artery resulting from Cervical Rib Disease [12].

Twentieth century: In 1927, C.P. Symonds described two patients
with left-sided weakness from a presumed stroke, who also had
right-sided cervical ribs. For the first time, Symonds hypothesized
amechanism that related the two processes. Symonds suggested
that the cervical rib caused damage to the right subclavian artery,
resulting in blood clot formation. In turn, the blood clot extended
proximally towards the heart until it entered the right common
carotid artery. At this point, clot fragments broke off and traveled
to the brain, resulting in a stroke [13]. In 1906, H. Lewis Jones
described six patients with atrophy of hand muscles, preceded
years before by pain and tingling. He found a strong correlation
between symptoms and the presence of cervical ribs [14].

Cervical Ribs: Compression of the Brachial Plexus: In 1902,
Farquhar Buzzard described seven patients with brachial plexus
compression by cervical ribs [15]. In 1903, Edwin F. Bramwell
described an 18-year-old plumber with sensory and motor
disturbances in his left arm. Bramwell found hand weakness,
with atrophy of intrinsic hand muscles. Bramwell described the
abnormality as a lesion of the first dorsal root. Bramwell proposed
the ‘'sharp internal border of the first rib” had caused nerve trauma.
In H. Lewis Jones published the first described case of upper
extremity nerve compression symptoms in association with

a cervical rib [16]. In 1905, John Benjamin Murphy of Chicago
resected a cervical rib in the treatment of the aneurysm of
the subclavian artery [17]. In 1907, William Williams Keen, a
Philadelphia Neurosurgeon, reviewed 42 known cases of cervical
rib resection and described the clinical presentation and surgical
treatment for CRS [18]. In 1916, William Halsted of Baltimore
collected 716 cases of cervical ribs, which were reported in the
literature, and found 27 (3.7%) patients with subclavian artery
aneurysms [19].

Cervicalribs: anterior scalene muscle: In 1927, Alfred Washington
Adson, who described the Adson's Test, and Jay Coffey, both on
the staff of Mayo Clinic, described the anterior scalene muscle
as the cause of neurovascular compression in patients with
cervical ribs [20,21]. They advocated Scalectomy or Scalenotomy
without removal of the cervical rib as a treatment for CRS. With
this procedure, the recurrence rate of symptoms was high, and
the procedure was eventually abandoned. Interestingly, these
investigators most likely, and erroneously described the fibrous
connection from the cervical rib to the anterior scalene tubercle
of the first rib as the scalene muscle. In modern surgical practice,
the division of this fibrous band is mandatory for the release of
the brachial plexus. However, the cervical rib also needs to be
removed as it will continue to impinge onto the brachial plexus
and the subclavian artery. This is the most likely explanation for
the high recurrence rates which were experienced by Adson and
Coffey.

In 1931, ed. Telford and John Sebastian Bach Stop ford described
compression of the sympathetic fibers of the lower trunk of
the brachial plexus by an aberrant cervical rib which resulted in
small vessel ischemia of the hands [22]. They differentiated this
condition from Raynaud's syndrome or other conditions which
result in small vessel disease in the upper extremity.

Cervical Ribs: erroneous association with Subclavian Vein
Thrombosis: Cervical Rib Syndrome (CRS) was recognized
as the sequela of the compression or displacement of the
subclavian artery by an aberrant cervical rib. In 1875, Sir James
Paget of London, and in 1884, Leopold von Schroetter of Vienna
independently described thrombosis of the subclavian vein
in young patients [23,24]. The syndrome resulting from the
thrombosis of the subclavian vein carries their name, Paget-
Schroetter Syndrome (PSS). Although these investigators did not
associate subclavian vein thrombosis with CRS, unfortunately, in
later years these two very different diseases have been erroneously
associated under TOS.

Cervical Rib Syndrome without a Cervical Rib: Until 1902, SRS
was thought to affect only the subclavian artery. Up to that
time, SRS was defined as compression of the second portion of
the subclavian artery in the neck by an abnormal cervical rib or
associated fibrous bands. That year, for the first time, Farquhar
Buzzard described seven patients with neurologic symptoms of the
upper extremity whose symptoms were attributed to compression
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of the brachial plexus by a cervical rib [15]. Thereafter, CRS was
defined as: neurovascular symptoms in the upper extremity which
resulted from compression of the subclavian artery or the brachial
plexus in the presence of a cervical rib [16]. The diagnosis of SRS
was facilitated by the advent of X-ray technology at the turn of the
twentieth century. Prior to surgical intervention, X-rays provided
an objective means of imaging and recognizing cervical ribs for
the first time. On the other hand, X-ray technology also confused
some more, as many patients had upper extremity neurovascular
symptoms like those in patients with SRS but without a cervical
rib on X-ray. This gave rise to the curious concept of CRS without
a cervical rib. In 1910, Thomas Murphy of Melbourne, Australia,
performed the first resection of a normal first rib to treat a patient
with upper extremity nerve-related symptoms without a visible
cervical rib on X-ray [17].

The patient was a 28-year-old woman with symptoms of brachial
plexus compression. X-rays showed no cervical rib, but Murphy
was convinced the brachial plexus was compressed. Murphy
performed surgery, finding the broad insertion of the anterior
scalene was compressing the brachial plexus. He removed the
insertion and a small part of the first rib. The patient had some but
not complete relief in symptoms. In 1919, John Sebastian Bach
Stopford and E. D. Telford of England described Compression of
the lower trunk of the brachial plexus by the first rib and reported
results from 10 patients following resection of the first rib.

In 1920, Arthur Ayer Law described abnormal cervical soft tissue
bands that compressed the neck’s neurovascular structures [25].
In 1937, Howard Christian Naffziger and Francis Clark Grant, were
the first to advocate scalenotomy in patients without cervical ribs
[26]. Following this description, Alton Ochsner, Mims Gage, and
Michael DeBakey published a comprehensive study of patients
with symptoms of neurovascular compression in the upper
extremity in the absence of a cervical rib, for which they coined
the term Scalenus Anticus Syndrome or Naffziger Syndrome
[27]. Scalenectomy alone was associated with poor results. In
1939, Eden, and later in 1943 Falconer and Weddell, proposed
compression of neurovascular structures between the clavicle
and the first rib [28,29]. Falconer and Weddell's observations were
based on symptoms in the upper extremity of young recruits who
carried heavy backpacks. They coined the term Costoclavicular
Syndrome (CR). The existence of this syndrome remained
controversial, although, in 1962, Falconer and Li described a
series of 11 patients who underwent first rib resection with good
results [30]. Interestingly, in 1945, Irving S. Wright, who described
the Wright's test, described patients with similar symptoms and
signs as those with CR. However, Wright's patients experienced
nerve-related symptoms with an elevation of the arms above the
head. Interestingly, Wright could not produce pulse obliteration
(Adson’s Test) in his patients. Furthermore, Wright described pulse
obliteration with hyperabduction of the upper extremity in nearly
90% of asymptomatic normal volunteers and concluded that the
Adson’s test did not correlate with compression of the brachial

plexus. After extensive anatomic dissections, Wright proposed
that ischemia of the nerves due to impaired blood supply as
opposed to direct nerve compression may be the mechanism
for symptoms elicited by hyperabduction of the upper extremity
[31]. Concept of TOS In 1956, Peet and colleagues first used
TOS to unify many upper extremity neurovascular compression
syndromes [5]. In 1958, Rob and Standeven used Thoracic Outlet
Compression Syndrome to describe a series of patients with
cervical ribs, arterial thrombosis, and distal gangrene of the upper
extremity [32]. Clearly, these patients would have been better and
more accurately classified as CRS. This unfortunate attempt to
unify a group of disparate anomalies which manifest with upper
extremity neurovascular symptoms began an era that has been
characterized by confusion about the underlying pathogenesis,
confusion about the appropriate diagnostic tests, and poor
therapeutic results. In 1962, responding to the poor results
associated with splenectomy alone, O.T. Claggett, a Thoracic
Surgeon at Mayo Clinic, proposed first rib resection through a
high posterior thoracotomy [33]. Results of first rib resection
with this approach were confusing as the preoperative upper
extremity morbidity could not be differentiated from postoperative
surgical morbidity resulting from the thoracotomy incision. On the
one hand, patients presented with upper extremity symptoms
preoperatively, but on the other hand, the very invasive surgical
procedure resulted in additional upper extremity morbidity
following surgery.

In 1966, in seeking to obviate the morbidity associated with
Clagett's high posterior thoracotomy approach, David Roos
described a trans-axillary approach to first rib resection [34].
Despite widespread acceptance, in the experience of most
surgeons, the Roos trans-axillary approach is associated with
neurovascular complications, at times erroneous resection of
the second rib, and overall poor or incomplete relief of symptoms
[35,36].

In response to the inconsistent results of first rib resection, in
1972, Silver and Vemuri attributed some of the failures after first
rib resection to the compression of the brachial plexus in the retro-
pectoral space. They suggested pectoralis minor tenotomy, either
in isolation or in addition to first rib resection [37,38]. This was a
rediscovery of a technique advocated two decades earlier by Lord
and Stone for Effort Thrombosis and Hyper abduction Syndrome
with inconsistent results [39].

In 1979, Sanders introduced supraclavicular splenectomy in
patients with recurrent symptoms following first rib resection for
post-traumatic upper extremity symptoms. Splenectomy was
later used as the primary treatment in upper extremity symptoms
following neck trauma patients [40]. Unfortunately, as illustrated by
the history of TOS, due to the ongoing confusion and the poor and
inconsistent surgical results, surgeons have extrapolated from
this experience and have erroneously advocated splenectomy
with or without resection of the first rib for patients without neck
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trauma.

In the near six decades since Peet’s report, confusion about TOS
and the poor results with surgical intervention has continued.
During this time, a great deal of attention has been focused on the
surgical approach to the resection of the first rib and whether other
procedures such as splenectomy, neurolysis, and pectoralis minor
tenotomy should be included with a first rib resection. However,
irrespective of the approach and the specifics of the surgical
procedures, the results of surgery have been disappointing [41,42].

History of Terms used to describe Upper Extremity Neurovascular
Symptoms: Cervical rib syndrome: The first actual use of the term
CRSis by T. Wingate Todd in 1922 CRS was the most well-known
and widely used name for the syndrome throughout the late 19%"
century and into the early 20" century. Although, recently, this term
has fallen into disfavor, in reality, CRS is an accurate description
which should be reserved for neurovascular symptoms of the
upper extremity caused by compression of the cervical ribs or
the related anomalous bands on the brachial plexus or the extra-
thoracic portion of the subclavian artery in the neck. CRS is
rare within the group of disorders that result in upper extremity
symptoms. Unfortunately, many who are not familiar with these
conditions erroneously think that a cervical rib is responsible for
TOS. The correct use of the term CRS plays an important role in
the modern understanding of conditions that are responsible for
Upper Extremity Neurovascular Symptoms.

Brachial compression neuritis: This term was first used by
Stopford in 1919 [43]. Although this is a reasonable attempt at
describing compression of the brachial plexus in the neck, it is too
general and does clearly convey the cause of such compression.
CRS is a more accurate description of what results in brachial
compression neuritis.

Scalenus anticus syndrome (Naffziger syndrome) Scalenus
antics is another name for the anterior scalene muscle. As noted
previously, Adson and Coffey wrote a landmark paper in 1927
describing their approach of detaching the scalenus anticus from
its insertion on the first rib in patients with a cervical rib [20,21].
Ochsner, Gage, and DeBakey, in 1935, were the first to describe
patients with CRS without a cervical rib who had been treated
successfully with the same procedure [27]. They first used the
term Scalenus Anticus Syndrome, but credited their work to
Howard Naffziger, and suggested the term Naffziger Syndrome
as well. Our present understanding of etiology of TOS would lead
us to believe that although these authors accurately observed
that there was compression of the subclavian vein at the medial
aspect of the first rib, they erroneously attributed the compression
to a hypertrophied anterior scalene muscle as opposed to a
congenital abnormality of the first rib in the region of the insertion
of the anterior scalene muscle, the anterior scalene tubercle.

Costoclavicular syndrome/Costoclavicular compression syndrome:
Eden first described the mechanism of compression between

the clavicle and first rib in 1939 to explain vascular compression
[28]. Falconer and Weddell in 1943 described further cases with
vascular compression [29,30]. CR was first used by Telford and
Mottershead in 1947 [44]. There was the observation that in
patients with Upper Extremity Neurovascular Symptoms, the
subclavian vein was compressed on the medial aspect of the
first rib at is “v” junction with the clavicle. In retrospect, this is a
different interpretation of an observation of a phenomenon that
was interpreted by other investigators as the Scalenus anticus

syndrome (Naffziger syndrome).

Hyperabduction syndrome/ Wright Syndrome: Beyer and Wright
first used the term ‘hyperabduction syndrome’ in 1951 [45]. This
descriptive term was based on the observations of Todd from 1913
to 1921 and Wright in 1945, who observed exacerbation of the
Upper Extremity Neurovascular Symptoms with hyperabduction
of the upper extremity above the shoulder [31]. Once again, these
instigators made similar observations in terms of compression
of structures by a process in the medial aspect of the first rib.
In addition, they emphasized that hyperabduction resulted in
exacerbation of symptoms by further narrowing the space
between the first rib and the clavicle.

Brachiocephalic syndrome/ brachiocephalic vascular syndrome:
In 1966, J.D. Devilliers first used ‘brachiocephalic vascular
syndrome’ to describe a young woman with a stroke related to
arterial TOS and a cervical rib [46].

Nocturnal paresthetic brachialgia? brachialgia statica
paresthetica: This term was introduced by Wartenberg in 1944
[47]. It refers to the same phenomenon as the Hyperabduction
syndrome/ Wright Syndrome, Paget-Schroetter Syndrome/effort
Thrombosis of the Subclavian Vein/Axillary-Subclavian Vein
Thrombosis (ASVT): In 1875, Sir James Paget described two
patients with spontaneous swelling of one arm and prominence
of veins over the ipsilateral chest. Paget thought the condition
was caused by vasospasm. In 1884, Leopold von Schroetter
independently described patients with the same condition and
correctly attributed the clinical condition to the formation of
occlusive venous thrombus. In 1949, Hughes performed a review
of a large number of cases in the medical literature and proposed
the term Paget-Schroetter Syndrome, which is still in use today
[48]. von Schroetter suspected that an episode of considerable
exertion of the upper extremity precipitated the thrombosis.
In 1942, Swartley first used the term ‘effort thrombosis’ [49]. In
Peet’s attempt at consolidating all Upper Extremity Neurovascular
Symptoms under TOS, Paget Schroetter Syndrome (PSS) became

synonymous with Venous TOS.

Cervicobrachial syndrome: Kenneth Aynesworth first used this
termin a paper published in 1940, in which he described CRS under
a different designation [50]. It was used again by Hansson in 1941,
but since then, the name has not come into common use [51].
First thoracic rib syndrome/Superior outlet syndrome/Fractured
clavicle-rib syndrome/Cervical rib and band syndrome: According
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to Werden's exhaustive literature review, these miscellaneous
names are of uncertain origin and have never come into common
use [52].

Thoracic Inlet Syndrome: Specifically, Thoracic Inlet is the space
defined by the opening into the chest cavity, which allows for the
entry of vessels, the trachea, the esophagus, and other midline
structures. Although some have tried to use this as a synonym
for Thoracic Outlet, clearly by convention, it relates to a different
anatomic entity and should not be used in referring to compressive
syndromes relating to patients with neurovascular symptoms of
the upper extremity.

Pectoralis minor syndrome: In 1967, Erich Lang first referred to
the pectoralis minor syndrome [53]. This concept was built on a
body of work by Jere Lord and Peter Stone in 1956, who performed
the first documented pectoralis minor tenotomy in 5 patients
diagnosed with hyperabduction syndrome [39]. Although this
condition may be a rare cause of upper extremity neurovascular
symptoms, regrettably, in response to the poor surgical results
with TOS, some modern surgeons have incorporated pectoralis
minor tenotomy to procedures for TOS. Clearly, there is very little
objective evidence for this practice.

Cervicodorsal syndrome: First described by Nelson in 1957
in an attempt to simplify and group the various neurovascular
syndromes of the upper extremity, this term has not come into
common use [54].

Cervicoaxillary syndrome: In 1996, Ranney proposed this term
to include subclassifications’ cervical outlet syndrome, TOS, CS
and pectoralis minor syndrome and to eliminate thoracic inlet
syndrome [55]. This is yet a more recent attempt to group a
number of etiologies resulting in upper extremity neurovascular
symptoms. Such attempts at consolidation of disparate entities
with upper extremity neurovascular symptoms will most likely
increase the confusion that surrounds TOS.

Thoracic outlet syndrome/thoracic outlet compression
syndrome: In 1956, Peet proposed consolidating all conditions
with many names and syndromes under TOS. In an attempt to
clarify the various conditions that have been classified as TOS,
investigators have described three types: Neurogenic, Venous,
and Arterial. Most experienced investigators have discovered
that classifying multiple closely related conditions under a
single umbrella term results in confusion about the important
differences among these conditions that are associated with
different pathologic etiologies. The creation of the term ‘thoracic
outlet syndrome’ was an unfortunate simplification that is not
consistent with the present understanding of the etiologic entities
that are responsible for upper extremity neurovascular symptoms
in patients. Given the confusion in terms of diagnosis and therapy
that surrounds the diverse group of disorders placed under the
umbrella of Thoracic Outlet Syndrome, future efforts should

concentrate on the separation of the different etiologic entities that

result in neurovascular symptoms in the upper extremity. Results
of surgery can only be improved through a clearer understanding
of the specific etiologic entities and the application of surgical
procedures which directly address the specific pathologic
processes. In turn, the specific underlying pathology needs to
be diagnosed preoperatively with a high degree of certainty. TOS
Conventional Thinking about TOS: Since Peet's classification of
TOS in 1956, conventionally TOS has been thought to represent
a group of diverse disorders that result in compression of the
neurovascular bundle exiting the thoracic outlet. The thoracic
outlet has been defined as the triangular anatomical area between
the clavicle and the first rib and the neck muscles which allows
for the passage of the brachial plexus, subclavian artery, and
subclavian vein. Compression of this area has been thought to
result in a constellation of distinct symptoms, which can include
upper extremity pallor, paresthesia, weakness, muscle atrophy,
pain, and swelling [56,57].

Until recently, TOS classification has been based on symptoms,
rather thanthe underlying pathology; with the subgroups consisting
of Neurogenic (NTOS), Venous (VTOS or PSS), and Arterial (ATOS).
Neurogenic TOS (NTOS) can be further divided into true and
disputed NTOS, with disputed reportedly representing 95%—99%
of all neurogenic cases [58]. The symptoms of true and disputed
NTOS are largely the same, though objective findings from motor
nerve conduction studies and needle electromyography are
notably absent in the disputed NTOS. The true incidence of TOS
is difficult to discern. However, depending on the definition and
diagnostic modality, the incidence of TOS has been reported to
range from 3/1000 to 80/1000. Neurogenic TOS accounts for over
95% of the cases, followed by venous (3%-5%) and arterial (1%-
2%) [59]. Historically, TOS presents with symptom onset in the
second to the sixth decade of life. The demographics are different
for the three types of TOS. It has been reported that NTOS is more
prevalent in women with a female to male ratio of 4:1 [60]. True
NTOS most commonly affects a younger woman in their teenage
years and is usually unilateral. Disputed NTOS is most commonly
seen in women ranging from their 20's to 60's and is often
bilateral [59]. ATOS affects both genders equally and is mostly
seen in young adults. ATOS is predominantly unilateral. VTOS
which presents as Paget Shroetter Syndrome, is more common
in younger able-bodied individuals, most commonly affects the
dominant upper extremity and is associated with repetitive upper
extremity activity [60,61]. The different demographics of these
entities is an important clue to the etiology of these disease
processes and has been ignored in Peet’s classification of TOS.

Etiology of TOS: Peet’s classification of TOS was based on the
concept of the compression of the neurovascular structures
in the neck and upper chest, which gave rise to the symptomes.
Accordingly, in searching for a hypothetical anatomic area where
compression of the neurovascular structures occurs, three spaces
were identified: interscalene triangle, costoclavicular space, and
subcoracoid space [61] (Figure 2).
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Figure 2: The Interscalene Triangle is created by the anterior scalene muscle anteriorly,
middle scalene muscle posteriorly, and first rib inferiorly. The Costoclavicular Space
is a “>" shaped space on the right and ‘<" shaped space on the Left, at the junction of
the first rib, the sternum, and the clavicle. The Subcoracoid Space or the retropectoral
space or the subcoracoid pectoralis minor space, is bordered anteriorly by pectoralis
minor muscle, and posteriorly by the chest wall, and superiorly by the coracoid
process of the scapula.

The Interscalene Triangle is created by the anterior scalene
muscle anteriorly, middle scalene muscle posteriorly, and first rib
inferiorly. These structures create an elongated isosceles triangle.
The brachial plexus passes through the apex of this triangle in the
neck and has no proximity to the first rib. On the other hand, the
subclavian artery passes at the base of the triangle as its course
over the first rib. The subclavian vein has no relationship to this

u_n

triangle. The Costoclavicular Space is a “>" shaped space on the
right and “<” shaped space on the Left, at the junction of the first
rib, the sternum, and the clavicle. It is bordered by the costo-
sternal joint medially, the anterior scalene muscle postero-laterally,
and the first rib inferiorly at its base. The subclavian vein passes
through this compartment and the subclavian artery crosses the
first rib just posterior to this compartment. The subclavian vein
and artery are separated by the insertion of the anterior scalene
onto the first rib. The Subcoracoid Space or the retropectoral
space or the subcoracoid pectoralis minor space, is bordered
anteriorly by pectoralis minor muscle, and posteriorly by the chest
wall, and superiorly by the coracoid process of the scapula [62,63].
The brachial plexus passes through the subcoracoid space, and
the subclavian artery and vein continue through it as the axillary
artery and vein. The unifying characteristic of the classification of
patients with neurovascular symptoms of the upper extremity into
TOS by Peet and propagated in the past six decades has been
compression of the neurovascular structures by an anatomic
entity in the neck and upper chest.

Mechanism of compression has been: Physical Examination:
Included in the physical exam are Individual provocative
maneuvers. These include: Trauma: This includes midshaft
clavicle fractures, whiplash injuries, or hemorrhage in the neck
and upper chest [59,60]. Muscle Hypertrophy and Fibrosis: It has
been hypothesized that repetitive activity results in fibrosis and
eventual compression of nerves and vessels. VTOS or PSS has
been attributed to this mechanism with thrombosis following the

repetitive motion of the upper extremity, such as in athletes.

Anatomic anomalies: This includes Cervical Ribs and associated
fibrous bands that originate from them and insert onto the first
rib, or supernumerary scalene muscles [64]. Benign or malignant
tumors of the structures in the neck and upper chest [65,66].

Diagnosis of TOS: Historically confusion about the pathogenesis
of TOS has resulted in anumber of diagnostic tests. Conventionally
diagnosis of TOS has been one of exclusion. Pts. Presenting
with upper extremity neurovascular symptoms need to undergo:
Physical Examination: Included in the physical exam are Individual
provocative maneuvers. These include:

1. Adson’s Test- In 1927, Adson and Coffey [20,21]. Described
a technique to assess evidence of circulatory symptoms
caused by the presence of a cervical rib. Diminution in the
volume of the radial pulse is common; the pulse can be
decreased or obliterated by having the patient elevate the
chin or rotate the head to the affected side while inspiring air.
They believed that this evidence of circulatory disturbance
warranted consideration for surgical resection of the
cervical rib. Over the years the Adson's test was thought to
be the sign of CRD that was erroneously applied to TOS.
Adson’s test is associated with minimal inter-examiner
reliability, is seen in normal individuals, and is inconclusive
for the diagnosis of TOS. The arm is maximally extended
and abducted 30° at the shoulder. The patient inhales
deeply while extending the neck and turning head towards
ipsilateral shoulder. A positive test is signaled by a decrease
or absence of ipsilateral radial pulse.

2. Wright's Test: This test was first described by Irving S,
Wright in 1945 [31]. With a positive Wright's Test, the radial
pulse weakens or disappears when the arm is abducted
and externally rotated. As with Adson’s test, Wright's test is
associated with minimal inter-examiner reliability, is seen in
normal individuals, and is inconclusive for the diagnosis of
TOS.

3. Roos (East) Test- The arms are raised above the shoulder,
abducted to 90°, and in externally rotated, with elbows flexed
t0 90°. The patient slowly opens and closes hand for 3 min.
A positive test is signaled by pain, paresthesia, a feeling of
heaviness and weakness in the affected extremity.

4. Elvey (ULTT) Test- Arms are placed in 3 positions: Position
1: arms abducted to 90° with elbows flexed, Position 2:
active dorsiflexion of both wrists, Position 3: head is tilted
ear to shoulder, in both directions. A positive test is signaled
by symptoms in the ipsilateral side in Positions 1 and 2, and
symptoms in the contralateral side in Position 3. Provocative
test for TOS are not specific. Overall these maneuvers have
led to a high number of false positives and are not helpful in
making a definitive diagnosis [67-71].

Diagnostic Tests: Diagnostic tests include Neck Radiographs,
Pulse volume recordings, Dopplers of the upper extremity vessels,
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CT of the chest, MRI of the cervical spine, MR Angiogram of the
upper extremity vessels in the thoracic outlet, subclavian vein and
artery angiography, Electrodiagnostic testing by EMG, and Nerve
conduction studies.

Imaging: In patients with suspected VTOS and ATOS, ultrasound
maintains high sensitivity and specificity, is noninvasive and
inexpensive, and should be the initial imaging test of choice. CT
can differentiate equivocal cases or provide additional anatomic
detail required for surgical planning [71]. MR neurogram can
provide further detail to identify anatomical relationships or sites
of compression. Conventional arteriography and venography can
demonstrate extrinsic compression. However, angiography is
hampered by the fact that it is perceived as an invasive test with
potential complications and therefore is used seldom, and the
fact that it does not depict the impinging anatomic structure. As a
result, Magnetic Resonance Angiogram (MRA) which overcomes
these shortcomings has become the test of choice in patients
with all types of TOS [71].

Nerve Conduction and EMG: Invariably, patients suspected of
NTOS undergo this testing. This testing is mainly used to rule out
cervical radiculopathy and myelopathy, not to rule in NTOS [72,73].
In a small number of patients who have compression of C8 and
T1 fibers, nerve conduction studies will be positive. The majority
of patients with positive nerve conduction studies involving the
C8 and T1 distribution have CRS. In these patients exhibit a
characteristic pattern of nerve conduction abnormalities which
includes a diminished or absent sensory response in the medial
antebrachial cutaneous and ulnar nerves and diminished or absent
median and ulnar motor response. It is important to emphasize
that nerve conduction and EMG studies are not diagnostic in
the vast majority of patients who present with neurovascular
symptoms of the upper extremity and are suspected of having
NTOS.

Anterior Scalene Block: Injection of local anesthetic into the
anterior scalene muscle has been used to diagnose NTOS. It
is postulated that the temporary relief of symptoms following
medication injection decreases muscular tension on the neural

\
Figure 3a: Venogram of a patient with PSS. With the arms in the adducted position

there is flow through the SV. The right subclavian vein is partially occluded at the
subclavian-innominate junction (Blue arrow) and shows collateral formation.

bundle and may predict response to surgical decompression. This
technigue remains controversial, however, in one study, 94% of
patients with a positive response to the block exhibited a positive
outcome following surgical correction as compared to only 50%
of patients who underwent decompression following a failed
block [67]. As a general rule, except for angiography and dynamic
MRA of the thoracic outlet with arm maneuvers, the other tests
have been inconclusive and are of historical value (Figure 3, Figure
4). Presently MRA of the thoracic outlet with arm maneuvers is
the test of choice in patients suspected of having TOS. This test
shows the abnormal bony tubercle on the first rib with extrinsic
compression of the subclavian innominate junction, which is
exacerbated with an elevation of the arm above the shoulder. The
predictive value of the surgical success of this test in patients
with Paget Shroetter Presentation is 100%, and in patients with
Neurologic Presentation is 100% and 97.3%, respectively [74].

Treatment: Treatment of ATOS and VTOS is not controversial.
ATOS is usually the result of compression of the subclavian artery
by an abnormality in the cervical region most often associated with
CRS. In these patients the optimal therapeutic regimen includes
initial thrombolysis and anticoagulation followed by removal of
the cervical rib or bands that result in compression.

N ' ' J
Figure 3b: Venogram of a patient with Paget Schroetter variant of Thoracic Outlet

Syndrome. With the arms in the elevated position the subclavian veins are occluded
bilaterally at the subclavian-innominate junction(blue arrow) and show cessation of
flow.

S J

Figure 4a: MRA in a patient with neurologic symptoms affecting the right upper
extremity. The subclavian-innominate junction is denoted by the blue arrow. With the
arms in the lowered adducted position there is slight extrinsic compression of the
Right subclavian vein as it crosses over the first rib just lateral to the sterno-costal
joint. With the arms in the lowered position there is no extrinsic compression of the
Left subclavian-innominate junction.
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Figure 4b: MRA in a patient with neurologic symptoms affecting the right upper

extremity. The subclavian- innominate junction is denoted by the blue arrow. With
the arms in the raised abducted position there is severe extrinsic compression of the
Right subclavian vein as it crosses over the first rib just lateral to the sterno-costal
joint. With the arms in the raised position there is also severe extrinsic compression
of the Left subclavian-innominate junction. The MRA is diagnostic for Subclavian
Compression Syndrome which is the most common cause of Neurogenic Thoracic
Outlet Syndrome.

Management of VTOS or PSS consists of thrombolytic therapy
and anticoagulation, followed by resection of the first rib. On the
other hand, due to the confusion about the etiology of TOS and
the poor surgical results, the treatment of patients with NTOS has
been very controversial. As a result, in these patients, conservative
management is recommended as the first line of therapy. Although
there has been no consensus as to the appropriate conservative
regimen, it has included patient education, postural mechanics,
weight control, relaxation techniques, activity modification,
active stretching, targeted muscle strengthening, TOS-specific
rehabilitation, and pharmacologic therapies [75]. Pharmacologic
interventions have included NSAIDs and/or opioid analgesics,
antidepressants,
anesthetic injection, steroids, or botulinum toxin type A into the

muscle relaxants, anticonvulsants, local
anterior scalene. Invariably conservative management has been
associated with suboptimal results and poor patient satisfaction
[76,77). First rib resection with the hypothesized mechanism of

decompressing the thoracic outlet has been recommended in

patients with NTOS who fail conservative management, even
without a specific diagnosis of the etiologic entity.

In the near six decades since Peet’s report, confusion about TOS
and the poor results with surgical intervention has continued.
During this time, a great deal of attention has been focused
on the surgical approach to the resection of the first rib and
whether other procedures such as scalenectomy, neurolysis,
and pectoralis minor tenotomy should be included with a first rib
resection. However, irrespective of the approach and the specifics
of the surgical procedures, the results of surgery have been
disappointing [41,42].

Pathogenesis of Paget Shroetter Syndrome: Recently,
examination of the medial aspect of the resected first ribs in
patients with Paget-Shroetter Syndrome has demonstrated the
presence of a congenitally malformed bony tubercle which forms
a tighter and wider joint at the junction of the first rib and the
sternum [78]. In a number of patients with a wider tubercle there is
even a second pseudarthrosis with the head of the clavicle [79,80]
(Figure 5, Figure 6). It has been observed that the wider and less

mobile cost-sternal joint locks the medial aspect of the first rib into
place and results in extrinsic compression of the boney tubercle
onto the subclavian vein at its junction with the innominate vein.

patient with PSS showing the abnormal bony tubercle on the medial aspect of the
first rib.

e

Normal

&

J

Figure 6: View of the joint between the first rib and the sternum and clavicle showing how the abnormal boney tubercle in patients with TOS compresses the subclavian vein

as it passes over the first rib.
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Therefore, the abnormal medial aspect of the first rib compresses
the subclavian vein at the thoracic outlet. This abnormal tubercle
on the medial aspect of the first rib can be seen on the 3-D
reconstruction of computerized axial tomograms in patients with
PSS (Figure 7, Figure 8). In addition, the extrinsic compression of
the subclavian vein by the tubercle at the medial aspect of the
first rib can be demonstrated on dynamic Magnetic Resonance
Angiography (MRA) with maneuvers and dynamic Venography
(Figure 9).

Figure 7. 3-D: Reconstruction of computerized axial tomograms in patients with PSS
demonstrates the wider and less mobile cost-sternal joint which “locks” the medial
aspect of the first rib into place and results in extrinsic compression of the boney
tubercle onto the subclavian vein at its junction with the innominate vein.

Figure 8. 3-D: Reconstruction of computerized axial tomograms in patients with PSS
demonstrates the presence of a congenitally malformed bony tubercle (arrow) which
forms a tighter and wider joint at the junction of the first rib and the sternum.

Figure 9: Magnetic Resonance Angiogram (MRA) with elevation of the left upper

extremity shows compression of the subclavian vein by the abnormal bony tubercle

(arrow) in a patient with PSS.

Furthermore, these studies clearly demonstrate that the subclavian
vein compression increases with elevation of the arm above
the shoulder. It can be surmised that without the benefit of the
sophisticated modern imaging, and relying only on intraoperative
observations, itis likely that historically surgeons have erroneously
referred to this tubercle as the hypertrophied costoclavicular
ligament, and the hypertrophied scaleneus anticus tubercle. In
patients with Paget Shroetter Syndrome, Gharagozloo et. Al have
demonstrated that disarticulation of the costosternal joint and
resection of the offending portion of the first rib (portion of the
rib medial to the subclavian artery) results in decompression of
the subclavian vein [79,80]. Furthermore, preoperative dynamic
MRA has been demonstrated to have a predictive value of 100%
for surgical success in patients with Paget Shroetter Syndrome.
In addition, dynamic MRA in patients with PSS has demonstrated
the presence bilateral disease in the head of the first rib (Figure
10). This observation further clarifies reports of Paget Shroetter
Syndrome affecting the contralateral extremity and supports the
congenital pathogenesis of the disease.

L - 3
S

Figure 10: Venogram of a patient with Thoracic Outlet Syndrome. With the arms in

the elevated position the subclavian veins are occluded bilaterally (arrows).

Therefore, it has been suggested that Paget Shroetter Syndrome
results from a congenital malformation of the first rib, which
compresses the subclavian vein at its junction with the innominate
vein in the thoracic outlet, and with prolonged compression
stemming from activities that elevate the arm above the shoulder,
result in thrombosis of the vein.

Pathogenesis of Neurogenic TOS: A study of patients with
Neurogenic TOS who had persistent upper extremity pain
following first rib resection by the transaxillary and supraclavicular
approaches, revealed persistent extrinsic compression of the
subclavian innominate junction on dynamic MRA. These patients
underwent video-assisted exploration of the chest, which showed
a persistent costo-sternal joint despite evidence for prior removal
of the first rib. Disarticulation of the cost-sternal joint and removal
of the remaining portion of the first rib which bore a tubercle
similar to that which was seen in patients with Paget- Schroetter
Syndrome (PSS), alleviated the extrinsic compression of the
subclavian-innominate vein junction on postoperative dynamic
MRA and resulted in relief of Neurogenic symptoms in all patients
(Figure 11-Figure 14).
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Figure 11: Chest radiograph from a patient with persistent “Neurogenic” TOS after
resection of the first rib on the right. The Circle points to the residual medial aspect
of the rib after transection. The medial aspect corresponds to the costo-sternal joint.

( )
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Figure 12: Preoperative Magnetic Resonance Angiogram (MRA) and Conventional

Venogram with elevation of the left upper extremity in a patient with persistent
symptoms who has had a transthoracic first rib resection on the right for “Neurogenic”
Thoracic Outlet Syndrome. There is compression of the subclavian innominate
junction at the costo-sternal joint (arrows).

Based on this observation, it was hypothesized that Neurogenic
TOS may be the manifestation of nerve pain which results from
venous compression and the resultant venous ischemia of the
nerves in the upper extremity. This hypothesis is based on the fact
that the upper extremity is fed by a single artery and vein as an
end organ. In such a setting, studies have demonstrated that the
blood-nerve barrier in the nerve root was more easily broken by
venous congestion than by arterial ischemia. Venous congestion
may be an essential factor precipitating circulatory disturbance in
nerve roots and inducing neurogenic intermittent claudication [81].
Therefore, compression of the subclavian vein at its junction with
the innominate vein may result in elevation of venous pressure,
a decrease in arterial flow, and relative ischemia of the nerves
of the upper extremity. Venous ischemia of the upper extremity
nerves may manifest as pain, tingling, paresthesia and numbness,
and varying degrees of neurogenic intermittent claudication
depending of the degree and duration of venous compression.
Elevation of the extremity above the shoulder, may result in greater
compression of the subclavian vein, further venous congestion,
further decrease in arterial flow, greater degree of ischemia of
the upper extremity nerves, and exacerbation of symptoms. This

Figure 13: The resected residual medial aspect of the first rib at the costo-sternal
joint after a previous first rib resection in a patient with persistent symptoms of
Neurogenic” TOS. This is the “offending” portion (arrow) of the first rib which causes
compression of the subclavian vein at its junction with the innominate vein in patients
with Neurogenic TOS and PSS.
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Figure 14: Postoperative (following robotic resection of the residual first rib at the

costo-sternal junction) venogram with elevation of the left upper extremity in a patient
with persistent symptoms following transaxillary first rib resection on the right for
Neurogenic Thoracic Outlet Syndrome. The subclavian vein is completely patent, and
the patient experienced complete resolution of the neurogenic symptoms.

phenomenon is demonstrated on dynamic Magnetic Resonance
imaging and venography (Figure 3, Figure 4). The pathophysiology
of nerve pain in this setting has been likened to symptoms that
result from crossing one leg over the knee. Only 5% of patients with
the Diagnosis of Neurogenic TOS are found to have a Cervical rib
and are best classified as CRS. 95% of patients with the diagnosis
of Neurogenic TOS are believed to have neurologic manifestations
of upper extremity ischemia and compression of the subclavian
vein by an abnormal first rib at the thoracic outlet. Therefore, it
was hypothesized that Robotic Transthoracic Resection of the
Medial Aspect of the first rib at the costo-sternal junction in
patients of Neurogenic TOS diagnosed by MRA will result in relief
of symptoms. In a Proof of Concept Study, surgical outcomes in
patients diagnosed with Neurogenic TOS who underwent robotic
first rib resection were reviewed. Diagnosis was made by History,
Physical Exam, MRI of C-Spine, Orthopedic and Neurologic
examination, Nerve Conduction Studies, and MRA of the Thoracic
Outlet with Maneuvers. Patients with Cervical Ribs or Cervical
Bands were excluded.

Patients with compression of the Subclavian Vein by the medial
aspect of the first rib underwent robotic resection of the first
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rib and were the subjects of this study. Subjective Symptoms
were assessed by Disabilities of the Arm, Shoulder and Hand
Questionnaire Score QuickDASH, T week, 1 month and 6 months.
The QuickDASH is an abbreviated version of the original DASH
outcome measure. In comparison to the original 30 item DASH
outcome measure, the QuickDASH only contains 11 items. It is
a questionnaire that measures an individual's ability to complete
tasks, absorb forces, and severity of symptoms. The QuickDASH
tool uses a Five point Likert scale from which the patient can select
an appropriate number corresponding to his/her severity level/
function level [82-84]. The extrinsic compression of the subclavian
vein on postoperative MRA and Angiogram with Maneuvers was
assessed at T month. In this proof of concept study, patients with
Neurologic symptoms of the upper extremity who were classified
as Neurogenic TOS had complete relief of symptoms with relief
of compression of the subclavian vein after robotic resection of
the medial aspect of the first rib and disarticulation of the costo-
sternal joint.

Removal of the medial aspect of the first rib and decompression
of the thoracic outlet has resulted in relief of upper extremity
neurovascular symptoms in greater than 97% of patients who
presented with neurogenic symptoms in the upper extremity.
These observations have led these investigators to propose the
ischemic versus the compressive mechanism for Neurogenic
TOS. They have likened neurogenic TOS in the upper extremity to
the well-known phenomenon of paresthesia, numbness, and pain
which results from crossing one leg over the other at the knee.
Despite commonly held belief that Crossing Leg syndrome results
from compression of the peroneal nerve, it has been shown that
in fact it is the result of the compression of the popliteal vein by
the contralateral knee.

The present understanding of TOS is that it is the manifestation
of a congenital malformation of the first rib. The congenital
malformation is in the form of a pronounced tubercle which
results in an abnormal costo-clavicular-sternal joint and the
compression of the subclavian vein at its junction with the
innominate vein. The congenital disease is bilateral with variable
symptomatic expression. The compression of the subclavian vein
in the thoracic outlet results in a spectrum of disease which ranges
from neurologic symptoms resulting from venous ischemia of the
upper extremity nerves (Peet's Neurogenic TOS) to thrombosis of
the subclavian vein with prolonged compression (Paget Shroetter
or Peet's Venous TOS). Therefore, patients with neurogenic TOS
and venous TOS or PSS represent two manifestation of the same
disease process.

Rethinking TOS: Peet's classification of TOS was based on
anatomic rather than symptomatic presentation of the disease.
Based on recent studies, in order to decrease confusion and to
improve therapeutic results with TOS, the disease should be
classified based on the underlying pathologic entity. Acquired
and traumatic abnormalities of the clavicle and first rib should be

classified separately.

Clearly after the more common and objectively supported
diagnoses of conditions that result in neurovascular symptoms of
the upper extremity such as cervical spine disease, carpal tunnel
disease and nerve entrapment syndromes, have been ruled out,
there remains a group of patients who are suspected of having
TOS. In these patients rather than the more usual classification
such as arterial, venous or neurogenic, the more accurate approach
from a diagnostic and therapeutic approach is to classify them as:

1. Cervical Rib Disease: In these patients an abnormal cervical
rib or the associated bands that insert onto the first rib result
in compression and displacement of the nerves or vessels
in the neck. These patients can present with neurologic
or vascular compromise. Patients with CRS can have
complications relating to compression of the subclavian
artery and the brachial plexus secondary to a well-formed
cervical rib, or to an incompletely formed first rib, fibrous
band associated with a rudimentary cervical rib, or a
giant transverse process of C. Although in the past, these
patients have been classified as TOS, separation of these
patients into CRS allows for a more precise diagnostic and
therapeutic strategy and perhaps more importantly clears
the way to a better understanding of diseases that result
from anomalies of the first rib.

2. Thoracic Outlet Disease: In these patients an abnormal
first rib results in compression of the subclavian vein the
subclavian-innominate junction. Compression of the vein
results in venous hypertension in the upper extremity
and resultant neurologic symptoms. With prolonged

compression of the subclavian-innominate junction, the

vein clots giving rise to PSS. Therefore, patients who have
been previously classified as Neurogenic and Venous TOS
represent a variable symptomatic presentation of the same
pathologic entity which affects the subclavian vein. The
term Arterial TOS should be abandoned as these patients
are better classified under Cervical Rib disease or under

traumatic causes.

First rib resection: Surgical approaches to resection of the first
rib have included transthoracic, transaxillary, supraclavicular,
and thoracoscopy [85-94].
approaches are associated with neurovascular complications,

infraclavicular, However, these
incomplete decompression of the subclavian vein and the
medial aspect of the thoracic outlet, and incomplete resection
of the most medial portion of the rib. Brachial plexus injury after
transaxillary first rib resection has ranged from 0.6%—9%, and 4%

after supraclavicular first rib resection [87-89].

These complications arein large part the result of the extrathoracic
surgical approach and the difficulty with exposure and access
(Figure 15). In addition, the concept has been to remove the
body of the first rib and leave the joints at the two ends of the rib
intact. This concept has been reinforced by the technical difficulty
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of disarticulating the costo-sternal joint by a Transthoracic,
supraclavicular or VATS approach.

Figure 15: Intraoperative photograph of a Supraclavicular approach to first rib

resection. The Neurovascular structures are in the way and are in jeopardy of damage.
In addition, due to the limited exposure the bone is removed “piece meal” and the
‘offending” medial portion of the first rib at the costo-sternal joint is left intact. This
results in failure to relieve the compression on the subclavian-innominate junction.

Ironically, based on the present understanding of the offending
portion of the first rib which is located at the costosternal joint,
transecting the rib at the joint and removal of the rib is ineffective in
relieving the extrinsic compression of the subclavian-innominate
vein junction. Indeed, this observation may be the explanation for
the lack of relief of neurologic symptoms in a significant number
of patients with neurogenic TOS, and failure to attain full patency
of the subclavian vein in patients with venous TOS. Theoretically, a
minimally invasive transthoracic approach aimed at removing the
offending compressive portion of the first rib would obviate the
neurovascular complications and allow for complete resection of
the offending portion of the first rib. The robotic surgical systems
have the advantages of 3D high-definition visualization, precise
instrument maneuverability in a confined space. Robotic resection
of the offending portion of the first rib in patients with TOS has
been associated with excellent results. The results have been due
to:

1. Better understanding of the pathogenesis of TOS, and
2. The technical advantages of the robotic platform (Figure
16).

In a recent report Eighty-three patients underwent robotic first
rib resection for PSS [74]. There were 49 men and 34 women.
Mean age was 24 years + 8.5 years. Operative time was 127.6
minutes + 20.8 minutes. Median hospitalization was 4 days.
There were no surgical complications, neurovascular injuries, or
mortality. At a median follow-up of 24 months, all patients had an
open Subclavian Vein (SV) for a patency rate of 100%. Seventy-
nine patients underwent robotic first rib resection for neurologic
symptoms of the upper extremity (neurogenic TOS). There were
29 men and 50 women. Mean age was 34 years + 9.5 years.
Operative time was 87.6 minutes + 10.8 minutes. There were no
intraoperative complications. Hospital stay ranged from 2 days
to 4 days with a median hospitalization of 3 days. There were no
neurovascular complications.

Figure 16: Intraoperative view during Robotic dissection of the first rib and

disarticulation of the CS: The offending portion of the first rib is visualized in situ.
The abnormal tubercle on the medial aspect of the first rib is seen in relation to the
portion of the SV which is compressed in patients with TOS.

There was no mortality. In patients with neurogenic symptoms,
QuickDASH Scores (mean + SEM) decreased from 60.3 + 2.1
preoperatively to 5+ 2.3 in the immediate postoperative period, and
3.5+ 1.7 at 6 months (P < 0.0001). Immediate relief of symptoms
was seen in 71/79 (91%) patients. Persistent paresthesia was
seen in 9/79 (9%) immediately postop and 3/79 (3.8%) patients at
6 months. Following the appropriate identification of the offending
portion of the first rib which results in compression of the SV at its
junction with the innominate vein by MRA, robotic resection of the
offending portion of the first rib allows is associated with excellent
results.

Conclusion

It understands the historical background to the complex
neurovascular conditions that affect the upper extremity has given
rise to the modern classification, diagnosis, and treatment of
Thoracic Outlet Syndrome (TOS). Clearly, after the more common
and objectively supported diagnoses of conditions that result in
neurovascular symptoms of the upper extremity, such as cervical
spine disease, carpal tunnel disease and nerve entrapment
syndromes, have been ruled out, there remains a group of patients
who are suspected of having TOS. In these patients, rather than the
more usual classification such as arterial, venous or neurogenic,
the more accurate approach from a diagnostic and therapeutic
approach is to classify them as Cervical Rib Syndrome (CRS):
Patients with CRS can have complications relating to compression
of the subclavian artery and the brachial plexus secondary to a
well-formed cervical rib or to an incompletely formed first rib, a
fibrous band associated with a rudimentary cervical rib, or a giant
transverse process of C7. TOS: In these patients, an abnormal
first rib compression of the subclavian vein and the subclavian-
innominate junction. Compression of the vein results in venous
hypertension in the upper extremity and resultant neurologic
symptoms. With prolonged compression of the subclavian-
innominate junction, the vein clots give rise to Paget Schroetter
Syndrome (PSS).

Therefore, patients who have been previously classified as
Neurogenic and Venous TOS represent a variable symptomatic
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presentation of the same pathologic entity which affects the
subclavian vein. The term Arterial TOS should be abandoned as
these patients are better classified under Cervical Rib disease
or under traumatic causes. Subclavian Vein compression
(Subclavian Vein Compression Syndrome) at the subclavian
innominate junction is best diagnosed by dynamic magnetic
resonance angiography. Removal of the abnormal portion of the
first rib which is responsible for the compression of the subclavian
vein at its junction with the innominate vein is associated with
excellent relief of symptoms.

Conflict of Interest

The authors declare no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.
Informed consent was obtained for this publication.

References

1. Wilbourn AJ. Thoracic outlet syndrome is overdiagnosed.
Muscle Nerve. 1999;22(1):130-136.

2. Roos DB. Thoracic outlet syndrome is underdiagnosed.
Muscle Nerve. 1999;22(1):126—129.

3. Urschel HC, Kourlis H. Thoracic outlet syndrome: a 50-year
experience at Baylor University Medical Center. Proc (Bayl
Univ Med Cent). 2007;20(2):125-135.

4. Santayana G. Apologia Pro Mente Sua, in P. A. Schilpp, The
Philosophy of George Santayana.1940;603.

5. Peet RM, Henriksen JD, Anderson TR, Martin GM. Thoracic-
outlet syndrome: evaluation of a therapeutic exercise
program. Prc Mayo Clin. 1956;31(9):281-287.

6. The Editors of Encyclopaedia. Anatomy [internet]. USA:
Encyclopedia Britannica. 2018.

7. Moore, Norman Helkiah Crooke Dictionary of National
Biography. 1885;13:205.

8. Cooper A: An exostosis. In Surgical Essays, edn 3. Edited by
Cooper A, Cooper B, Travers B. London: Longman; 1821:128.

9. Barker WF. Anhistoricallookatthethoracic outlet compression
syndrome. Annals of Vascular Surgery. 1989;3(4):293-298.

10. Coote H. Exostosis of the left transverse process of the
seventh cervical vertebra surrounded by blood vessels and
nerves: successful removal. Lancet .1861;1:360—-361.

11. Chang KZ, Likes K, Davis K, Demos J, Freischlag JA. The
significance of cervical ribs in thoracic outlet syndrome. J
Vasc Surg. 2013;57(3):771-775.

12. Gruber W. Weitere Nachtrage in Bezug auf den anomalen
infraclavicularkanal Verlauf der Vena axillaris durch
denselben - vorher nicht gesehen. Arch Pathol Anat Physiol.
1884,98:435-440.

13. Symonds CP. (2,3) Cervical Rib: Thrombosis of subclavian
artery. Contralateral hemiplegia of sudden onset, probably
embolic. Proc R Soc Med. 1927;20(8):1244-1245.

14. Lewis H. Cervical Ribs and their relationship to the atrophy of
the intrinsic muscles of the hand. QJM. 1893; 2(1):187-191.

15. Buzzard F. A case of cervical caries. Proceedings of the royal

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

society of medicine. 1902;1(2):609.

Bramwell E, Dykes HB: Rib pressure and the brachial plexus.
Edinb Med J. 1921;27(2):65-88.

Murphy T. Brachial plexus neuritis caused by pressure of the
first rib. Aust Med J 1910;15:582-585

Anene-Maidoh TI, Yeo CJ, Maxwell 4" PJ. William Williams
Keen, MD: ‘Marshall’ of American surgery and pioneer of
neurosurgery. Am Surg. 2011;77(5):649-651.

Halsted WS. As to the cause of the dilatation of the subclavian
artery in certain cases of cervical rib. Proc Soc Exp Biol Med.
1915.

Adson JW, Coffey JR: Cervical rib: a method of anterior
approach for relief of symptoms by division of the scalenus
anticus. Ann Surg. 1927;85(6):839-857.

Adson WA: Surgical treatment for symptoms produced by
cervical ribs and the scalenus anticus muscle. Surg Gynecol
Obstet. 1947;85(6):687-700.

Telford ED, Stopford JSB. The vascular complications of
cervical rib. Br J Surg. 1931;18:72.

Paget J. Clinical lectures and essays. London Longmans
Green Co. 1875.

LV, Gefasse ED. Nathnagel
pathologie und therapie, holder wein. 1884.

Schroetter handbuch der
Law AA. Adventitious ligaments simulating cervical ribs. Ann
Surg. 1920;72(4):497-499.

Stern WE, Naffziger HC. Neurosurgical classic—XXIX. Surg
Neurol. 1975;4:407-409.

Ochsner A, Gage M, Debakey M. Scalenus anticus syndrome.
Am J Surg. 1935;28:669-695.

Eden KC. The vascular complications of cervical ribs and first
thoracic rib abnormalities. Br J Surg 1939;27:111-139.
Falconer MA, Weddell G. Costoclavicular compression of the
subclavian artery and vein. Lancet. 1943;2:539—-543.

MA, Li FW. Resection of the first rib in
costoclavicular compression of the brachial plexus. Lancet.
1962;13;1(7220):59-63.

Wright IS. The neurovascular syndrome produced by
hyperabduction of the arms. Am Heart J. 1945;29:1-19.

Rob CG, Standeven A. Arterial occlusion complicating
syndrome. Br Med J.

Falconer

thoracic outlet compression
1958;20;2(5098):709-712.
Clagett OT. Presidential address, American Association
of Thoracic Surgery Research and Prosearch. J Thorac
Cardiovasc Surg. 1962;44:153—-166.

Roos DB. Transaxillary approach for first rib resection to
relieve thoracic outlet syndrome. Ann Surg. 1966;163(3):354~
358.

Urschel HC Jr. Management of the thoracic-outlet syndrome.
N Engl J Med. 1972;286(21):1140-1143.

Sanders RJ, Monsour JW, Baer SB. Transaxillary first rib
resection for the thoracic outlet syndrome. Arch Surg.
1968;97(6):1014-1023.

V Silver D. Thoracic outlet syndrome, textbook of surgery

Infact Publications LLC

Page 14



Clinical Surgery Journal

ISSN: 2767-0023

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

(Davis:Christopher) 10" ed. Philadelphia W. B. Saunders Co.
1972.

Vemuri C, Wittenberg AM, Caputo FJ, Earley JA, Driskill MR,
Rastogi R, et al. Early effectiveness of isolated pectoralis
minor tenotomy in selected patients with neurogenic thoracic
outlet syndrome. J Vasc Surg. 2013;57(5):1345-1352.

Lord Jr JW, Stone PW. Pectoralis minor tenotomy and anterior
scalenotomy with special reference to the hyperabduction
syndrome and “effort thrombosis” of the subclavian vein.
Circulation. 1956;13(4):537-542.

Sanders RJ, Monsour JW, Gerber WF, Adams WR, Thompson
N. Scalenectomy versus first rib resection for treatment of
the thoracic outlet syndrome. Surgery. 1979;85(1):109-121.
Peek J, Vos CG, Unlii G, Schreve MA, van de Mortel RHW, de
Vries JPM, et.al. Long-term functional outcome of surgical
treatment for thoracic outlet syndrome. Diagnostics (Basel).
2018;12,8(1):7.

Peek J, Vos CG, Unli G, van de Pavoordt HDWM, van den
Akker PJ, de Vries JPM et.al. Outcome of surgical treatment
for thoracic outlet syndrome: systematic review and meta-
analysis. Ann Vasc Surg. 2017;40:303-326.

Stopford JSB, Telford ED. Compression of the lower trunk of
the brachial plexus by a first dorsal rib. Brit J. Surg. 1919;7:168.
Telford ED, Mottershead S. The costoclavicular syndrome. Br
Med J. 1947;1(4497):325-328.

Beyer JA. The hyperabduction syndrome, with special
reference to its relationship to Raynaud's syndrome.
Circulation. 1951;4(2):161-172.

De Villiers JC. A brachiocephalic vascular syndrome
associated with cervical rib. Br Med J. 1966;16;2(5506):140—
143.

Wartenberg R. Brachialgia statica paresthetica. J Nerv Mental
Dis. 1966;16;2(5506):140-143.

Hughes ES. Venous obstruction in the upper extremity; Paget-
Schroetter's syndrome; a review of 320 cases. Surg Gynecol
Obstet. 1949;1966;16;2(5506):140-143:89-127.

Swartley WB, Weeder SD, MclLaughlin EF. Thrombosis and
gangrene of right arm, associated with polycythemia vera: its
relation to “effort thrombosis”. Ann Surg. 1942;116(2):184~
193.

Aynesworth KH. The cervicobrachial syndrome. Ann of Surg.
1940;111(5):724-742.

Hanson KG. The cervicobrachial syndrome. Arch Phys Ther
1941;22:662-666.

The Editors of encyclopaedia. Anatomy of the thoracic outlet
[Internet]. USA: Encyclopedia Britannica. 2021.

Lang EK. Scalenus anticus and pectoralis minor syndrome. J
Indiana Med Assoc. 1967;60(4):440.

Nelson PA. Treatment of patients with cervicodorsal outlet
syndrome. J Am Med Assoc. 1957;163(17):1570-1576.
Ranney D. Thoracic outlet: An anatomical redefinition that
makes clinical sense. Clin Anat. 1996;9(1):50—52.

Jones MR, Prabhakar A, Viswanath O, Urits |, Green JB,

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Kendrick JB, et al. Thoracic outlet syndrome: a comprehensive
review of pathophysiology, diagnosis, and treatment. Pain
Ther. 2019;8(1):5-18.

Laulan J, Fouquet B, Rodaix C, Jauffret P Roquelaure Y,
Descatha A, et al. Thoracic outlet syndrome: definition,
aetiological ~ factors, diagnosis, management and
occupational impact. J Occup Rehabil. 2011;21(3):366-373.
Freischlag J, Orion K. Understanding thoracic outlet
syndrome. Scientifica (Cairo). 2014;2014:248163

Stewman C, Vitanzo PC, Harwood MI. Neurologic thoracic
outlet syndrome: summarizing a complex history and
evolution. Curr Sports Med Rep. 2014;13(2):100—106.
Brooke BS, Freischlag JA. Contemporary management of
thoracic outlet syndrome. Curr Opin Cardiol. 2010;25(6):535—
540.

Ferrante MA, Ferrante ND. The thoracic outlet syndromes:
Part 2. The arterial, venous, neurovascular, and disputed
thoracic outlet syndromes. Muscle Nerve. 2017;56(4):663—
673.

Raptis CA, Sridhar S, Thompson RW, Fowler KJ, Bhalla
S. Imaging of the patient with thoracic outlet syndrome.
RadioGraphics. 2016;36(4):984~-1000.

Ferrante MA. The thoracic outlet syndromes. Muscle Nerve.
2012;45(6):780-95.

Sanders RJ, Hammond SL, Rao NM. Diagnosis of thoracic
outlet syndrome. J Vasc Surg. 2007;46(3):601-604.

Davis GA, Knight SR. Pancoast tumors. Neurosurg Clin N Am.
2008;19(4):545-557.

Abdolrazaghi H, Riyahi A, Taghavi M, Farshidmehr P
Mohammadbeigi A. Concomitant neurogenic and vascular
thoracic outlet syndrome due to multiple exostoses. Ann
Card Anaesth. 2018;21(1):71-73.

Narayanasamy N, Rastogi R. Thoracic outlet syndrome (TOS):
an enigma in pain medicine. In: Kaye AD, Shah RV, editors.
Case studies in pain management. Cambridge: Cambridge
University Press; 2014;102-108.

Povisen S, Povlsen B. Diagnosing thoracic outlet syndrome:
current approaches and future directions.
(Basel). 2018;8(1):21.

Gillard J, Pérez-Cousin M, Hachulla E, Remy J, Hurtevent
JF, Vinckier L, et al. Diagnosing thoracic outlet syndrome:
tests, ultrasonography,
electrophysiology, and helical computed tomography in 48
patients. Joint Bone Spine. 2001;68(5):416—-424.

Kuhn JE, Lebus GF, Bible JE. Thoracic outlet syndrome. J Am
Acad Orthop Surg. 2015;23(4):222-232.

Demondion X, Herbinet P, Van Sint Jan S, Boutry N, Chantelot
C, Cotten A, et al. Imaging assessment of thoracic outlet
syndrome. RadioGraphics. 2006;26(6):1735-1750.

Le Forestier N, Moulonguet A, Maisonobe T, Léger JM,

Diagnostics

contribution  of  provocative

Bouche P. True neurogenic thoracic outlet syndrome:
electrophysiological diagnosis in six cases. Muscle Nerve.
1998;21(9):1129-1134.

Infact Publications LLC

Page 15



Clinical Surgery Journal

ISSN: 2767-0023

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Tsao BE, Ferrante MA, Wilbourn AJ, Shields RW.
Electrodiagnostic features of true neurogenic thoracic outlet
syndrome. Muscle Nerve. 2014;49(5):724-727.

Gharagozloo F, Tempesta B, Meyer M, Werden S. Robotic
first rib resection for thoracic outlet syndrome. Surg Tech Int.
2020;36:239-244.

Huang JH, Zager EL. Thoracic outlet syndrome. Neurosurgery.
2004;55(4):897-902.

Foley JM, Finlayson H, Travlos A. A review of thoracic outlet
syndrome and the possible role of botulinum toxin in the
treatment of this syndrome. Toxins (Basel). 2012;4(11):1223~
1235.

Finlayson HC, O'Connor RJ, Brasher PMA, Travlos A.
Botulinum toxin injection for management of thoracic outlet
syndrome: a double-blind, randomized, controlled trial. Pain.
2011;152(9):2023-2028.

Gharagozloo F, Meyer M, Tempesta B, Strother E, Margolis M,
Margolis M, et.al. Proposed pathogenesis of Paget-Schroetter
disease: impingement of the subclavian vein by a congenitally
malformed bony tubercle on the first rib. J Clin Pathol. 2012;
65:262-266.

Gharagozloo F, Meyer M, Tempesta BJ, Margolis M, Strother
ET, Tummala S, et.al. Robotic en bloc first-rib resection
for Paget-Schroetter disease, a form of thoracic outlet
syndrome: technique and initial results. Innovations (Phila).
2012;7(1):39-44.

Gharagozloo F, Meyer M, Tempesta B. Robotic transthoracic
first-rib resection for Paget-Schroetter syndrome. European
Journal of Cardio-Thoracic Surgery. 2019;55(3):434-439.
Kobayashi S, Takeno K, Miyazaki T, Kubota M, Shimada S,
Yayama T, etal. Effects of arterial ischemia and venous
congestion on the lumbar nerve root in dogs. J Orthop Res.
2008;26(11):1533-1540.

Gummesson C, Ward MM, Atroshi |. The shortened disabilities
of the arm, shoulder and hand questionnaire (QuickDASH):
validity and reliability based on responses within the full-
length DASH. BMC Musculoskeletal Disorders. 2006;7:44.
Matheson LN, Melhorn JM, Mayer TG, Theodore BR, Gatchel
RJ. Reliability of a visual analog version of the QuickDASH. J
Bone Joint Surg Am. 2006;88(8):1782-1787.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Weaver ML, Lum YW. New diagnostic and treatment
modalities for neurogenic
Diagnostics. 2017;7(2):28.
Hwang J, Min B-J, Jo W-M, Shin JS. Video-assisted
thoracoscopic surgery for intrathoracic first rib resection in
thoracic outlet syndrome. J Thorac Dis. 2017;9(7):2022-
2028.

Buller LT, Jose J, Baraga M, Lesniak B. Thoracic outlet
concepts,
therapeutic strategies. Am J Orthop (Belle Mead NJ).
2015;44(8):376-382.

Chang DC, Lidor AO, Matsen SL, Freischlag JA. Reported in-
hospital complications following rib resections for neurogenic
thoracic outlet syndrome. Ann Vasc Surg. 2007;21(5):564~
570.

Hosseinian MA, Loron AG, Soleimanifard Y. Evaluation of
complications after surgical treatment of thoracic outlet

thoracic outlet syndrome.

syndrome: current imaging features, and

syndrome. Korean J Thorac Cardiovasc Surg. 2017;50(1):36—
40.

Hooper TL, Denton J, McGalliard MK, Brismée JM, Sizer PS Jr.
Thoracic outlet syndrome: a controversial clinical condition.
Part 1: anatomy, and clinical examination/diagnosis. J Man
Manip Ther. 2010;18(2):74-83.

Blanchard B, Blanchard G, Forcier P. Cloutier LG. [The thoracic
outlet: true syndromes, disputed syndrome (TOS, thoracic
outlet syndrome). Current status 1991]. Rev Med Suisse
Romande. 1992;112(3):253-266.

Gloviczki P, Kazmier FJ, Hollier LH. Axillary-subclavian venous
occlusion: the morbidity of a nonlethal disease. J Vase Surg.
1986;4(4):333-337.

Delee JC, Drez Jr D, and Miller MD; Chapter 17, shoulder.
Delee and Drez's Orthopaedic Sports Medicine, 3rd ed.
Elsevier, Online edition, 2009.

Clagett OT. Presidential address, american association
of thoracic surgery research and prosearch. J Thorac
Cardiovasc Surg, 1962;44:153-166.

Loscertales J,Congregado M, Merchan RJ. First Rib Resection
Using Videothorascopy for the Treatment of Thoracic Outlet
Syndrome. Arch Bronconeumol. 2011; 47(4):204-207.

Infact Publications LLC

Page 16



