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Arterial reconstructions for chronic lower extremity

ischemia in preadolescent and adolescent children
Jonathan L. Eliason, MD, Dawn M. Coleman, MD, Adam Gumushian, BS, and James C. Stanley, MD,
Ann Arbor, Mich
ABSTRACT
Objective: Chronic lower extremity ischemia in pediatric patients is uncommon. The intent of this study was to better
define the arterial reconstructive options and their long-term durability in preadolescent and adolescent children having
clinically relevant arterial occlusions affecting the lower extremity.

Methods: The medical records of 33 consecutive pediatric patients who underwent lower extremity revascularization for
chronic ischemia at the University of Michigan from 1974 to 2016 were reviewed. Patients were categorized by age, clinical
manifestation, surgical intervention undertaken, and outcomes.

Results: Operative treatments involved 26 preadolescent children (mean age, 6.1 years; range, 3-9 years) and 7 adolescent
children (mean age, 13.9 years; range, 10-17 years). Occlusions were due to earlier injury related to catheter (14), cannula (2),
or both catheter and cannula (14); penetrating trauma (2); and vasculitis (1). Preoperative manifestations included
symptomatic extremity ischemia (25), growth retardation manifested by documented limb length discrepancies (21), and
scoliosis (5). Primary arterial reconstructions were delayed after the precipitating vascular event an average of 5.3 and
11.2 years in the preadolescent and adolescent children, respectively. Primary procedures involved revascularizations of 36
extremities (in preadolescents and adolescents) including autologous vein (26/5), polyethylene terephthalate (Dacron;
1/0), and expanded polytetrafluoroethylene (0/3) bypasses and vein patch angioplasty (0/1). Vein grafts traversing the
abdominal cavity (15) were wrapped with a synthetic mesh. Excluding one early graft occlusion, there were nomajor early
postoperative complications after the primary procedures. Secondary operations followed 31% of the primary operations,
being performed an average of 8.8 and 6.7 years later (in 8 preadolescent and 3 adolescent children, respectively) for late
graft occlusions (6), graft stenoses (3), aneurysmal vein grafts (2), and anastomotic pseudoaneurysm (1). The unassisted
primary graft patency rate was 69%, and the assisted secondary graft patency rate was 94%. Symptomatic ischemia
resolved in all but two children. Mean postoperative ankle-brachial indices improved to 1.08 from 0.76 preoperatively.
Among children having postoperative documentation of limb lengths, the limb length discrepancies became less (11),
were unchanged (1), or progressed (3). Follow-up averaged 8.0 years. There was no operative mortality in this experience.

Conclusions: Primary lower extremity arterial reconstructions in children with chronic lower extremity ischemia can be
successfully undertaken with excellent results. Nevertheless, the potential for late primary graft failures, evident in nearly a
third of this experience, mandates careful long-term follow-up and may necessitate secondary interventions to maintain
satisfactory outcomes. (J Vasc Surg 2017;-:1-10.)
Arterial diseases affecting the extremities in childhood
are uncommon, and their clinical relevance is often
defined in anecdotal case reports. Management strate-
gies remain ill-defined. The wide range of arterial sizes
affected, the issues of later vessel growth, and the paucity
of long-term follow-up have made uniform practice
guidelines an impossibility. The impetus for this study
was the need to better define the indications for opera-
tive interventions, surgical options, and therapeutic
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benefits in the treatment of chronic lower extremity
ischemia in preadolescent and adolescent children.

METHODS
The medical records of all pediatric patients (18 years or

younger) having signs or symptoms of chronic lower
extremity ischemia who underwent arterial reconstruc-
tive procedures at the University of Michigan from 1974
to 2016 were reviewed. Excluded from study were
children treated for acute limb ischemia or aneurysmal
disease. It is relevant that umbilical artery catheteriza-
tions or simple arterial catheterizations for blood pres-
sure monitoring as a cause of chronic lower extremity
ischemia were not encountered during the time frame
of this study.
Patients were categorized by age at the time of surgical

therapy (preadolescent and adolescent), clinical manifes-
tation, operative intervention undertaken, and surgical
outcomes. Separation of the study into the two age
groups reflects the greater technical challenges of
reconstructing smaller arteries in younger children
and the more obvious ischemia-related growth
1
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ARTICLE HIGHLIGHTS
d Type of Research: Retrospective single-center
cohort study

d Take Home Message: In 33 pediatric patients with
chronic lower extremity ischemia, reconstructions
using mostly vein grafts were performed with excel-
lent results. Primary patency was 69%, one-third
required graft revision, secondary patency was 94%,
and symptoms resolved in all but two patients.

d Recommendation: The authors suggest performing
reconstructions mostly with vein grafts in children
with symptomatic chronic lower extremity ischemia,
but late primary graft failures may occur in up to
one-third of the patients, mandating careful long-
term follow-up and secondary interventions tomain-
tain satisfactory outcomes.
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disturbances in older children. Preoperative and post-
operative data were ascertained in all patients,
including Doppler ultrasound measurements of ex-
tremity blood pressures and radiographic determina-
tion of limb lengths. Cumulative data are presented as
the mean 6 1 standard deviation. Results were sub-
jected to paired t-test analyses. This retrospective re-
view was approved and a waiver of informed consent
was granted by the Institutional Review Board at the
University of Michigan (HUM00065695).

RESULTS
Surgical treatment of chronic lower extremity arterial

occlusive disease was undertaken in 26 preadolescent
children (age, 3-9 years; mean, 6.1 6 2.1 years) and 7
adolescent children (age, 10-17 years; mean, 13.9 6

2.3 years). There were 22 boys and 11 girls in the series.
The cause of the occlusions included remote injury
related to catheter (14), cannula (2), or catheter and can-
nula (14); penetrating trauma (2); and vasculitis of unde-
termined cause (1). All resulted in later manifestations
of chronic ischemia. Among the 14 patients experiencing
arterial occlusions due to isolated femoral artery cathe-
terizations, one was a renal artery study and the
remainder were performed for cardiac, thoracic aortic,
or pulmonary artery diseases. A total of 50 operative
interventions were undertaken, including 36 primary re-
vascularizations (three being bilateral) in the series’
33 children and 14 secondary procedures in 11 children
(Tables I-IV).

Presentation. All of the series’ children had clinical
signs or symptoms of lower extremity arterial occlusive
disease. Exercise-induced discomfort, manifested by
claudication, excessive exertional fatigue, and weakness,
was experienced by 25 children. A preoperative limb
length discrepancy (LLD) was documented in 21 children,
with a prominent gait disturbance noted in three cases
and an overt compensatory scoliosis in five children.
Obvious loss in extremity muscle mass and smaller foot
size were late findings accompanying longer durations of
chronic ischemia in seven of the children.

Diagnosis. Doppler ultrasound assessment of extremity
arterial blood flow, expressed as an ankle-brachial index
(ABI), documented impaired blood flow in 28 of the
series’ 33 children (ABIs obtained in the 5 remaining
individuals could not be found for review). The average
resting ipsilateral ABI was 0.76 6 0.18 compared with
1.12 6 0.17 in the contralateral extremity. Ipsilateral arte-
rial waveforms at the posterior tibial and dorsalis pedis
arteries in these cases were usually biphasic; in two
children, they were monophasic. Ipsilateral ABIs were at
least 0.20 less than the contralateral ABIs in 20 patients.
Despite the presence of signs or symptoms of vascular
obstruction, an ipsilateral ABI$0.9 in 20% of the children
reflected the adequacy of their collateral circulation at
rest. Only four of the series’ children had a resting
ipsilateral ABI #0.6.
Preoperative identification of the initial arterial obstruc-

tions followed conventional preoperative catheter-based
intra-arterial digital subtraction arteriography in 14 chil-
dren (Fig 1, A). An alternative preoperative study under-
taken in six children was intravenous digital subtraction
arteriography, being especially useful in younger children
(Fig 1, B). Imaging of the lower extremity arteries by
computed tomography arteriography was undertaken
in 10 children and documented vascular detail in the
context of the bony skeleton (Fig 1, C). In more recent
times, because of concerns surrounding excessive radia-
tion exposure, magnetic resonance arteriography was
used preferentially to establish an anatomic diagnosis
in three children (Fig 1, D).
LLDs were quantitated in 21 children by preoperative

scanograms or teleroentgenograms comparing femur
and tibia lengths of the affected extremity with the
contralateral limb. These studies, using a ruler with
radiopaque gradations, allowed measurements to the
nearest millimeter (Fig 2). Among those children in
whom limbs were measured preoperatively, the mean
LLD was 1.32 6 0.62 cm (range, 0.6-3.0 cm). LLDs
>1.1 cm affected a majority of these children. The degree
of LLD did not specifically correlate with level of arterial
occlusion. Eight children had LLDs of 1.4 or more,
including one with an isolated common iliac artery
occlusion, three with combined iliofemoral occlusions,
and four with disease limited to the femoral arteries.

Interventions. Indications for operative intervention
included signs or symptoms of obvious chronic
ischemia. Exercise-induced discomfort manifested by
claudication-type symptoms or excessive fatigue and
weakness affected 79% of the series’ children. Existing
LLDs that were considered likely to progress to >2.5 cm



Table I. Primary operations: preadolescent chronic lower extremity ischemia

Patient
Age, years; gender;

etiology Initial manifestation Primary operation
Follow-up after index

operation, years

1 3; M; Cath LLD (L) PFA-SFA vg 6

2 3; M; CathCan EID, LLD (R) CIA-CFA vg 13

3 4; F; CathCan EID (R) CIA-CFA vg/M 9

4 4; M; Cath EID, LLD, scoliosis (R) CFA-SFA vg 16

5 5; F; Cath LLD (R) CIA-SFA vg/M 13

6 5; M; Cath EID (R) CIA-CFA vg/M 13

7 5; M; CathCan LLD (R) CIA-PFA vg/M, PFA-SFA vg 6

8 5; M; Cath-Can LLD (L) CIA-CFA vg 22

9 6; M; Cath EID (R) CIA-CFA vg/M 3

10 7; F; Cath EID, LLD (R) IIA-CFA vg/M 2

11 7; F; Cath EID (R) CIA-CFA vg 21

12 7; M; CathCan LLD (R) EIA-CFA vg 19

13 7; M; penetrating injury EID, LLD (R) EIA-CFA vg 4

14 8; M; CathCan EID (R) CIA-CFA vg/M 8

15 8; M; Cath EID (L) CIA-CFA vg/M 1

16 8; M; CathCan EID (R) CIA-CFA vg 12

17 9; F; CathCan EID, LLD, scoliosis (R) CIA-CFA vg 4

18 9; M; CathCan EID (L) CIA-CFA vg 12

Cath, Catheter injury; CathCan, catheter and cannula injury; CFA, common femoral artery; CIA, common iliac artery; EIA, external iliac artery; EID,
exercise-induced discomfort (atypical claudication, excessive weakness); IIA, internal iliac artery; (L), left; LLD, limb length discrepancy; M, synthetic
mesh coverage of vein graft; PFA, profunda femoris artery; (R), right; SFA, superficial femoral artery; vg, vein graft.
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as long bone growth was completed, applying estab-
lished age- and gender-related growth criteria, were
documented in 62% of the children, including 15%
having an LLD-related compensatory scoliosis.
The mean delay between the precipitating occlusive

event and the primary procedure was 8.8 years (range,
1-14 years) in preadolescents and 6.7 years (range,
2-11 years) in adolescents. It appeared that the initial
adequate collateral circulation became insufficient to
maintain blood flow to the lower extremity as the child
grew in stature. One patient with a vasculitis in whom
the disease’s onset could not be determined and a
second child having an iliac artery disruption after place-
ment of a trocar during an appendectomy at a referring
hospital (and first seen for a neuropathy) were not
included in calculating the treatment delays.
The precipitating vascular injury in 28 of the series’

children initially went untreated, and it was only later
when manifestations of chronic ischemia evolved that
the delayed primary operations were undertaken. The
remaining five children had undergone urgent surgical
treatment for an inciting arterial injury that caused
limb-threatening acute ischemia. These earlier inter-
ventions proved to be inadequate as the child grew
and subsequently resulted in chronic extremity
ischemia leading to the primary operations cited in
this report.
Primary revascularizations (Fig 3) among the preadoles-

cent and adolescent children included bypasses
using autologous vein (26/5), expanded polytetrafluoro-
ethylene (ePTFE [Teflon]; 0/3), polyethylene tere-
phthalate (Dacron; 1/0), and vein patch arterioplasty (0/
1). The most common primary procedure in this series,
occurring in 67% of the children, was a bypass that orig-
inated from the common iliac artery and terminated in
the common femoral or superficial femoral artery. Vein
grafts traversing the abdominal cavity were preferentially
wrapped with a Dacron mesh sleeve to limit later aneu-
rysmal changes.
Surgical techniques remained relatively constant dur-

ing the time of this study. In particular, anastomoses
involving small arteries were undertaken using interrup-
ted sutures with spatulation of the involved vessels. This
provided for ovoid anastomoses that were less likely to
become stenotic with later growth of the vessels. It is
noteworthy that during the four decades of this experi-
ence, technical adjuncts did not change; loupes were
used in reconstructing small vessels, and intraoperative
Doppler ultrasound assessment of the repair’s adequacy
was standard. Careful procurement of saphenous vein
segments for use as bypasses included cautious disten-
tion with heparinized blood at body temperature and
prevention of their desiccation by immersion in whole
blood before transplantation. It is the authors’ opinion
that meticulous attention to hemostasis in the operative
field is important to lessen the risk of late vein graft nar-
rowing associated with contracture of perigraft hema-
tomas. Intraoperative anticoagulation with heparin was



Table II. Primary and secondary operations: preadolescent chronic lower extremity ischemia

Patient
Age, years; gender;

etiology
Initial

manifestation
Primary
operation Secondary operation

Follow-up after
secondary

operation, years

19 3; F; CathCan LLD, scoliosis (L) CIA-CFA vg 23 years p/o: (L) CIA-CFA ePTFE 9

20 3; M; Cath EID (L) CIA-CFA PET 1 year p/o: (L) CIA-PFA vg
3 years p/o: (L) CFA-PA vg

14

21 4; M; Cath EID, LLD (R) CIA-SFA vg/M 3 years p/o: vg patch of stenotic vg 2

22 5; M; vasculitis EID, LLD (R) CIA-CFA vg 4 years p/o: (R) PA-PTA vg
(thrombosed 17 years p/o)

24 years p/o: (R) BKA
(nonhealing foot ulcer)

4

23 7; F; Cath EID, LLD (L) CIA-CFA vg/M 2 years p/o: (L) CIA-CFA ePTFE
4 years p/o: (L) Ao-SFA ePTFE

4

24 8; M; Cath LLD (R) CFA-CFA vg 27 years p/o: (R) EIA-SFA/PFA vg 10

25 9; F; CathCan EID, LLD (R) CIA-CFA vg/M
(L) Ao-CFA vg/M

14 years p/o: percutaneous
stenting of stenotic (L) vg

4

26 9; M; CathCan EID, LLD (R) CIA-CFA vg/M 5 years p/o: vg patch of stenotic vg 13

Ao, Aorta; BKA, below-knee amputation; Cath, catheter injury; CathCan, catheter and cannula injury; CFA, common femoral artery; CIA, common iliac
artery; EIA, external iliac artery; EID, exercise-induced discomfort (atypical claudication, excessive weakness); ePTFE, expanded polytetrafluoroethylene
(Teflon); (L), left; LLD, limb length discrepancy; M, synthetic mesh coverage of vein graft; PA, popliteal artery; PET, polyethylene terephthalate (Dacron);
PFA, profunda femoris artery; p/o, postoperative; PTA, posterior tibial artery; (R), right; SFA, superficial femoral artery; vg, vein graft.

Table III. Primary operations: adolescent chronic lower extremity ischemia

Patient Age, years; gender; etiology Initial manifestation Primary operation
Follow-up after

primary operation

27 10; F; Cath EID (L) CIA-CFA ePTFE 8 years

28 12; M; Cath LLD (R) CFA vein patch 2 years

29 14; M; cannulation for ECMO EID, LLD (R) CIA-PFA vg/M
(L) CIA-CFA vg/M

6 months

30 17; M; CathCan EID (L) CIA-SFA vg 2 months

Cath, Catheter injury; CathCan, catheter and cannula injury; CFA, common femoral artery; CIA, common iliac artery; ECMO, extracorporeal membrane
oxygenation; EID, exercise-induced discomfort (atypical claudication, excessive weakness); ePTFE, expanded polytetrafluoroethylene (Teflon); (L), left;
LLD, limb length discrepancy; M, synthetic mesh coverage of vein graft; PFA, profunda femoris artery; (R), right; SFA, superficial femoral artery; vg, vein
graft.

Table IV. Primary and secondary operations: adolescent chronic lower extremity ischemia

Patient
Age, years; gender;

etiology
Initial

manifestation Primary operation Secondary operation

Follow-up after
secondary

operation, years

31 14; F; CathCan EID, LLD, scoliosis (R) IIA-CFA ePTFE
(L) CFA-CFA vg

2 years p/o: (L) PAnx,
EIA-CFA ePTFE

2

32 15; F; penetrating
injury

EID, LLD (L) Ao-EIA ePTFE 7 years p/o: (L) Ao-CFA
ePTFE

2; graft occluded,
no further therapy

33 15; M; CathCan LLD, scoliosis (R) CIA-CFA vg 11 years p/o: (R) CIA-EIA
ePTFE

4

Ao, Aorta; CathCan, catheter and cannula injury; CFA, common femoral artery; CIA, common iliac artery; EIA, external iliac artery; EID, exercise-induced
discomfort (atypical claudication, excessive weakness); ePTFE, expanded polytetrafluoroethylene (Teflon); IIA, internal iliac artery; (L), left; LLD, limb
length discrepancy; PAnx, pseudoaneurysmectomy; p/o, postoperative; (R), right; vg, vein graft.
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selectively reversed, being deferred in cases involving
extremely small arterial reconstructions. It has been a
general approach to maintain postoperative antiplatelet
therapy with low-dose aspirin for 6 months in all children
having these reconstructions.
Outcomes. Claudicant-like discomfort and exertional
fatigue and weakness resolved postoperatively in all but
2 of the series’ 25 children having symptomatic lower
extremity ischemia. One child with peripheral vasculitis
as an infant, having nonreconstructable severe



Fig 1. A, Conventional intra-arterial digital subtraction arteriogram documenting critical narrowing of the left
external iliac artery. B, Intravenous digital subtraction arteriogram documenting right external iliac artery oc-
clusion. C, Computed tomography arteriogram with three-dimensional reconstruction revealing short-segment
right femoral artery occlusion. D, Magnetic resonance arteriogram documenting right external iliac-common
femoral artery occlusion.
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infrapopliteal disease with no available target vessel for a
revascularization procedure, underwent an eventual
amputation 28 years after his primary arterial reconstruc-
tion. A second child, an older adolescent, had persistent
claudication that was not disabling after a second iliofe-
moral ePTFE bypass had thrombosed, and she declined
further treatment. These patients represent the series’
only therapeutic failures.
Reoperations were required in 11 children after compli-

cations of the series’ 36 primary operations. Vein graft
failures leading to secondary procedures included graft
occlusions (6), graft stenoses (3), aneurysmal deteriora-
tions (2), and an anastomotic pseudoaneurysm (1). Half
of the graft occlusions and all of the stenoses were attrib-
uted to neointimal hyperplasia (six in total). Aneurysmal
vein grafts were defined as an increase in the adjusted
graft diameter exceeding 50%, recognizing that all veins
became approximately 20% larger immediately after im-
plantation, and the initial postimplantation diameter is
the baseline to which changes were measured. Second-
ary operations for vein graft failures in seven preadoles-
cents and two adolescents included nine bypasses (five
using autologous vein, four with ePTFE) and percuta-
neous stenting of a stenotic vein graft in one child.
Synthetic conduit failures affected two of the three chil-

dren treated with these grafts, with late occlusions even-
tuating in secondary operations at 1 year and 7 years,
respectively. One of these patients required a third inter-
vention that was successful, but the other experienced
minimal and nondisabling exercise-related claudicant
symptoms after thrombosis of the ePTFE replacement
graft and thus remained untreated.
Postoperative limb lengths were documented in 15

children with an overall statistically significant improve-
ment noted, from a mean preoperative LLD of 1.43 cm
to a postoperative LLD of 1.06 cm (P < .01). Among this
group, 11 had mean LLD reductions of 0.63 cm (range,
0.3-1.5 cm), one child with a 1.1-cm LLD had no change



Fig 2. Scanogram with individual perpendicular images of the proximal femur, distal femur-proximal tibia, and
distal tibia, with underlying opaque rule to accurately assess long bone lengths. This is favored over tele-
roentgenograms encompassing the entire extremity in one image and introducing potential errors due to
parallax distortion.

Fig 3. Postoperative appearance of common iliac-common femoral artery bypass with autologous vein (A) or an
expanded polytetrafluoroethylene (ePTFE) conduit (B). Proximal and distal anastomoses are indicated by the
arrows.
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in the discrepancy, and three had clinically unimportant
LLD progression of 0.2 cm each. Postoperative ABIs were
obtained in 30 of the children having preoperative ABIs,
revealing marked improvements in the mean indices
from 0.76 6 0.18 to 1.08 6 0.16 (P < .001) after the opera-
tive interventions.
Primary unassisted graft patency was 69%, and the

assisted patency after secondary interventions was 94%.
Follow-up of the primary reconstructions or the most
recent of the secondary operations in the preadolescent
and adolescent children averaged 9.4 and 2.7 years,
respectively. No major perioperative morbidity, excluding
one early graft thrombosis, accompanied either the
primary or secondary procedures. One patient died at
25 years of age of cardiac disease unrelated to the
primary extremity revascularization performed 15 years
earlier. There was no operative mortality in this
experience.

DISCUSSION
Injuries represent the most common cause of child-

hood death, and nonfatal injuries affect innumerable
children. Nevertheless, arterial trauma accounts for an
extremely small subset of injuries occurring in childhood,
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and catastrophic lower extremity arterial occlusions in
children are rare.1

Etiology of lower extremity arterial occlusions. The
majority of lower extremity arterial occlusions in preado-
lescent patients are due to transfemoral catheterization
for cardiovascular diagnostic or therapeutic purposes,
umbilical artery catheterization, and, less commonly,
arterial catheter placement for blood pressure moni-
toring or acquisition of arterial blood samples.2-5 In ad-
olescents, both penetrating and nonpenetrating injuries
are the more likely causes of lower extremity ischemia.6,7

The external iliac and femoral arteries are the most
commonly affected vessels in both age groups.
Excluding iatrogenic injury, urban violence in recent
decades has resulted in gunshot injury accounting for
the majority of penetrating extremity trauma cases in
children, of which arterial injury is no longer rare.8,9 Less
common causes include vasculitis-related stenoses,
hypercoagulable state-related thromboses, arterial
entrapments, thrombosed aneurysms, paradoxical em-
bolism, and infectious emboli. The current report’s sole
vasculitis case, involving diffuse unilateral arterial
narrowings of undetermined etiology, representing an
exceedingly rare cause of occlusive vascular disease, was
similar to a recently described child treated in the Mid-
east.10 A rare cause of chronic lower extremity ischemia is
abdominal aortic coarctation, encountered in 3 of 48
children with this entity reported from the authors’
institution.11 However, because of its complexity and
markedly different clinical relevance, aortic coarctation
was not included in the current review.
It is intuitive that complications of arterial access pro-

cedures will be more likely to affect preadolescent chil-
dren having smaller arteries than adolescent children
with larger vessels. Early reviews documented arterial
occlusions after femoral artery catheterizations in 33%
to 40% of children 5 to 10 years of age or younger
and <5% of those older than 12 years.12,13 A more recent
report suggested a 2% complication rate necessitating
operative intervention after femoral artery catheteriza-
tions in pediatric patients.5 A third of the children in
the latter experience developed chronic symptoms of
claudication, gait disturbances, or LLDs, and all under-
went vein graft bypasses. That report also identified a
number of risk factors that significantly increased the
risk for complications after femoral artery catheteriza-
tions, including age <3 years, multiple catheterizations
(three or more), therapeutic interventions vs diagnostic
studies, and use of larger devices ($6F). Although more
contemporary experience may be less problematic,
these complications are not trivial iatrogenic injuries.
Placement of larger vascular devices for longer times

may cause serious arterial injury. In this regard, femoral
arterial cannulations in children undergoing venoarterial
access for extracorporeal membrane oxygenation
caused extremity ischemia requiring operative interven-
tion in 52% of children.14 This may have been an underes-
timation in that a 60% mortality may have masked
extremity ischemia among those not undergoing revas-
cularization, probably reflecting their underlying cardio-
pulmonary disease that necessitated the extracorporeal
membrane oxygenation procedure.

Clinical manifestations. In the very young, an acute iso-
lated femoral artery occlusion may not result in signs or
symptoms of ischemia because of the presence of an
efficient collateral circulation. Nevertheless, complica-
tions of earlier occlusions may become manifested later
as the child grows, with the insidious onset of chronic
limb ischemia. Under these circumstances, a high
degree of suspicion of arterial insufficiency should be
entertained when a limp is noted, fatigue with walking
occurs, or an obvious discrepancy in muscle mass or
foot size exists in a child with a history of a prior catheter-
ization or cannulation procedure. Unfortunately, early
signs of limb ischemia in children may go unrecognized.
Most important is the fact that chronic lower extremity

ischemia in these children has a deleterious effect on the
femoral and tibial epiphyseal plates, resulting in growth
retardation and later LLDs. This complication is most
accurately defined by scanograms, with individual
perpendicular images of the lower extremities’ three
joints being identified with an opaque rule placed
beneath the extremity.15,16 Scanogram imaging is
preferred to orthoroentgenograms performed with a sin-
gle film of the entire extremity, which in older children
may be inaccurate because of parallax distortion.
Although a high frequency of documented LLDs was
reported in nearly a third of children undergoing arterial
catheterizations for cardiac disease nearly a half-century
ago,17 one would assume the incidence of this complica-
tion to be markedly less today. Nevertheless, contempo-
rary LLD rates of 8% have been reported after simple
femoral artery catheterizations during the first 5 years
of life.13

A given LLD’s relevance is dependent on the child’s age
and the potential for LLD progression during ensuing
long bone growth. A LLD of >2 cm at maturity (ie, late
adolescence) is considered abnormal, and it is generally
accepted that LLDs >2.5 cmwill result in a compensatory
scoliosis, which may contribute to severe degenerative
spinal arthritis in late adulthood. More than four decades
ago, delays from the time of injury to the establishment
of a diagnosis were reported to range from 6 months
to >4 years,18 a presage to even longer delays noted in
the current report.
A difficult clinical problem occurs in predicting in

which child a potential or evolving LLD will eventuate
in discrepancy >2 to 2.5 cm in adulthood. This complex
issue involves an awareness of growth potential nomo-
grams based on age and gender and the existing bone
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age.16,19,20 In addition, the heights of the child’s parents
and siblings must be considered in estimating a given
individual’s lower extremity’s growth potential.

Diagnostic studies. Doppler ultrasound ABIs are useful
in assessing lower extremity arterial blood flow but must
be interpreted with caution. The fact is that a majority of
normal newborns have an ABI of <0.90, with this index
becoming 1.1 or greater in children 1.5 years of age or
older.21 Young children may also not tolerate cuff
inflation for ABI measurement, limiting evaluation to an
arterial duplex ultrasound scan with velocity and
waveform analysis. In normal children, triphasic high-
resistance waveforms are noted in the femoral, popli-
teal, and tibioperoneal arteries,22 and diminutions of the
spectral waveformsmay be a reflection of chronic arterial
occlusive disease as was evident in this series’ children.
Although diminished ABIs may document limb
ischemia in the acute setting, the absolute ABI values
may not be far from normal in some individuals who
have evolved an efficient collateral circulation. This was
the case in 20% of this series’ children who had preop-
erative ABIs of $0.90. In such cases, detection of chronic
arterial occlusive disease may become evident only with
a decline in the ABI after treadmill exercise. It is note-
worthy that LLDs are inversely proportional to the degree
of diminutions in the ABIs.13

Conventional arteriographic studies best define the
extent of the occlusive disease and those arteries suitable
for use in a revascularization procedure, but additional
catheterizations in these children may be hazardous.
Intravenous digital subtraction arteriography and
computed tomography arteriography avoid repeated
arterial catheterizations and the risk of additional arterial
injury. However, both of these include radiation exposure
and have resulted in magnetic resonance arteriography
being favored, especially if repeated examinations are
being contemplated.

Treatment options. Caution regarding early operative
interventions for lower extremity ischemia is justified,
especially in neonates and young infants.1,3,4,23,24 In one
study of acute ischemia managed without operation, the
ABIs returned to normal in 93% of cases treated with
heparin anticoagulation alone.13 That study receives
support from a recent report from the authors’ institution
documenting that iatrogenic femoral artery injuries may
nearly always be managed nonoperatively.25

A contrary perspective favoring an earlier intervention
has its basis in a large review of iatrogenic pediatric arte-
rial injuries, in which LLDs occurred in 23% of nonopera-
tive cases compared with 9% of those children
undergoing an early surgical intervention.26 Although
an open revascularization may become necessary in
the acute setting if limb-threatening ischemia or pro-
gressive ischemic injury exists, the majority of the
children in this report had an earlier acute vascular injury
that either went unrecognized or was intentionally not
subjected to an intervention until a definitive indication
for an operation was encountered. At issue is how
many of these arterial reconstructions might have been
avoided if an earlier intervention had been performed.
That subject could not be addressed in this retrospective
study.
Reasonable indications for an operative intervention in

children with chronic extremity ischemia include LLD
with gait abnormalities in a growing child, exercise-
related discomfort or fatigue limiting normal activities,
objective evidence of loss of muscle mass or size of the
extremity (especially the feet), and prevention of predict-
able progression of LLD to >2.5 cm.
Bypasses, usually with a segment of reversed saphe-

nous vein, will be required for extensive occlusions in
the chronic setting.2,5,26,27 Nevertheless, use of autolo-
gous saphenous vein in the young has been a matter
of concern after the initial report of aneurysmal degener-
ation of these conduits placed in other arterial beds.28

The use of ePTFE conduits may be appropriate in treat-
ing older children with occluded iliac arteries. Neverthe-
less, the authors’ experience with such grafts in this series
suggests caution in using synthetic conduits. Vasospasm,
often affecting the repair of acute arterial injuries in chil-
dren, was not mentioned in the accounts of the chronic
occlusions encountered in the authors’ current
experience.

Surgical results. In the past, it had been opined that
late operation would not reverse an existing LLD. Howev-
er, a lessening or reversal of existing LLDs has been well
documented in the literature.2,5,13,28-30 The benefits
regarding alleviation of ischemic symptoms and
prevention of progressive limb length growth retardation
in >90% of children treated with arterial reconstructions
have been well established in these same reports.
Revascularizations in children are favored before
adolescence, when long bone growth spurts become
accelerated.
Reconstructions using saphenous vein appear to be

durable, with a demonstrated patency of 93% at
10.7 years after implantation in an earlier report from
the authors’ institution.2 No major perioperative compli-
cations or operative mortality affected the children in
that earlier report. Synthetic conduits may prove useful
in treating arterial occlusions in older adolescents, but
caution exists in their use, given the predictable long-
term life expectancies of these children and late compli-
cations observed in the current series.
The fact is that late reconstructive failures in pediatric

children are not rare. Bypasses with reversed saphenous
vein used in reconstructing extremity arteries in children
undergo marked dilation in 45% of cases, and 8%
become frankly aneurysmal.2 Although conventional
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wisdom is that early graft failures are uncommon, both
late vein and prosthetic graft failings may have been
under-reported. In this regard, 31% of patients in the cur-
rent series had reconstructive complications occurring
during a mean follow-up of >8 years, underscoring the
need for long-term noninvasive surveillance of all chil-
dren subjected to lower extremity arterial reconstruc-
tions. It has been the authors’ practice to recommend
annual Doppler ultrasound arterial studies of the lower
extremities, including ABIs after treadmill exercise. If
noninvasive studies suggest a failing reconstruction,
noninvasive imaging is pursued before a subsequent
vascular repair is considered.
This report has several limitations. Specifically, the small

size of subgroups of differing ages and treatments pre-
vents creation of specific therapy guidelines appropriate
for all children. Compounding this issue is the fact that it
is impossible to define the actual frequency of relevant
arterial injuries that go unrecognized clinically. In part,
this relates to the absence of routine screening for occult
arterial injury in the acute setting (ie, after catheteriza-
tions or other trauma) that might identify covert injuries,
which become overt and clinically important many years
later as an extremity grows larger and requires greater
quantities of blood to maintain normal function. Such
studies do not exist. Although the authors believe the
practice standards have been consistent throughout
the study period, its extended time frame raises the
question of whether differing diagnostic tests and thera-
peutic procedures in past decades may have altered the
experience. Last, the fact that the inciting event leading
to extremity ischemia in 85% of the series’ children
relates to the diagnosis and treatment of cardiac dis-
eases or isthmic aortic coarctations makes it difficult to
generalize this experience to the practice of others.

CONCLUSIONS
Extremity revascularization in children experiencing

chronic lower extremity ischemia can be performed
safely in a variety of circumstances with reasonable
long-term results. Primary arterial reconstructions
followed by secondary interventions in nearly a third of
the present series provided acceptable outcomes in
>90% of children. Nevertheless, one must be aware
that these revascularization procedures carry the poten-
tial for late failures, mandating long-term follow-up and
reinterventions when needed to maintain satisfactory
outcomes. These vascular repairs are best performed by
experienced surgeons, being conducted withmeticulous
technique and extreme care.
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