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   New Findings
   What is the central question of this study?
   To what extent focal abdominal aortic aneurysmal (AAA) disease is
   associated with systemic remodelling of the vascular tree remains
   unknown. The present study examined if anatomical differences existed
   between distances of the intervisceral artery origins and AAA
   location/size in patients with disease compared to healthy patients.
   What is the main finding and its importance?
   Intervisceral artery distances were shown to be consistently greater
   in patients highlighting the systemic nature of AAA disease that
   extends proximally to the abdominal aorta and its branches. The
   anatomical description of the natural variation in visceral artery
   origins has implications for the design of stent grafts and planning
   complex open aortic surgery.
   ABSTRACT
   The initial histopathology of abdominal aortic aneurysmal (AAA)
   disease is atherosclerotic, later diverting towards a distinctive
   dilating rather than occlusive aortic phenotype. To what extent focal
   AAA disease is associated with systemic remodelling of the vascular
   tree remains unknown. The present study examined if anatomical
   differences existed between the intervisceral artery origins and AAA
   location/size in patients with AAA disease (AAA+) relative to those
   without (AAA-). Preoperative contrast enhanced computerised tomograms
   were reviewed in 90 consecutive AAA+ patients scheduled for open
   repair who underwent either an infrarenal (IR, n = 45), suprarenal
   (SR, n = 26) or supracoeliac (SC, n = 19) clamp. These were compared
   to 39 age-matched AAA- control patients. Craniocaudal measurements
   were recorded from the distal origin of the coeliac artery to the
   superior mesenteric artery (CA-SMA) and SMA origin to both renal
   artery origins (SMA-LRA/RRA). Serial blood samples were obtained for
   estimation of the glomerular filtration rate (eGFR) before and after
   surgery. Intervisceral artery origins were shown to be consistently
   greater in AAA+ patients (P < 0.05 vs. AAA-) though unrelated to AAA
   diameter (P > 0.05). Postoperative renal function became progressively
   more impaired the more proximal the clamp placement (eGFR for SC < SR
   < IR clamps, P < 0.05). These findings highlight the systemic nature
   of AAA disease that extends proximally to the abdominal aorta and its
   branches. The anatomical description of the natural variation in
   visceral artery origins has implications for the design of stent
   grafts and planning complex open aortic surgery.
   INTRODUCTION
   Although narrowing of arterial vessels often occurs with progressive
   atherosclerosis, dilatation and aneurysmal formation is not an
   infrequent result of the atheromatous disease processes. An abdominal
   aortic aneurysm (AAA) occurs when the abdominal aortic wall becomes
   weakened resulting in focal enlargement of the blood vessel. This is
   defined as an enlargement of the aorta greater than 30 mm diameter in
   the maximum transverse dimension with the infrarenal (IR) aorta being
   the most commonly affected site . Risk factors for AAA can be
   categorised as fixed or modifiable. Fixed risk factors include
   advancing age with risk increasing by 40% every five years following
   the age of 65 years, being male (male to female ratio, 6:1) and having
   a positive family history notably first degree male family members.
   Modifiable risk factors include smoking, hypertension and
   hypercholesterolaemia (Basnyat et al., 1999).
   Approximately 2-20% of AAAs are classified as juxtarenal (JR) if their
   proximal extent is close to the origin of the renal arteries but does
   not involve them . The natural history of AAAs is gradual expansion
   with spontaneous rupture accounting for approximately 8,000 deaths per
   year in the UK and 15,000 in the USA . Surgical or endovascular
   intervention is recommended for all symptomatic and asymptomatic AAAs
   greater than 55 mm in diameter with the mortality rate for elective
   repair less than 5% compared to 65-85% for rupture . The majority of
   open IR-AAA repairs can be treated safely by IR-clamping, whilst
   JR-AAA repair for more technically challenging lesions in patients
   with short or absent aortic necks can only be achieved by clamping at
   the suprarenal (SR) or supracoeliac (SC) levels to enable optimal
   anastomosing of the graft. However, this requires more extensive
   dissection and has been associated with higher rates of mortality and
   morbidity subsequent to renal ischaemia-reperfusion injury . Hence the
   optimal level of proximal aortic clamp control including its impact on
   patient morbidity remains the subject of ongoing debate with surgical
   decision making traditionally based on personal operator preference .
   In light of these findings, the present study measured the
   intervisceral artery distances (IADs) of the major branches of the
   abdominal aorta using conventional computer tomography (CT) with the
   following specific aims. First, to examine to what extent IADs were
   different in patients with AAA disease (AAA+) compared to age-matched
   patients without (AAA-). Second, to determine what the relationship is
   between the IADs and crossclamp positioning during open surgery for
   JR-AAA surgery and third, corresponding implications for renal
   function. Given the systemic nature of AAA disease , we hypothesised
   that [1] IADs of AAA+ patients would be increased in direct proportion
   to AAA diameter, [2] IADs would aid the operator regarding clamp
   placement perioperatively complementing the surgical decision making
   process and [3] postoperative renal function would be progressively
   more impaired the more proximal the clamp placement.
   METHODS
   Ethical approval
   The study was approved by the University Hospital of Wales Ethics
   Ethics Committee (#1-10/15) Committee (Cardiff, UK). All procedures
   were carried out in accordance with the Declaration of Helsinki of the
   World Medical Association , and written informed consent was obtained
   from all patients.
   Data source
   Clinical data were extracted from a single centre (Department of
   Surgery, University Hospital of Wales, UK) prospective NHS database
   for the purposes of improving perioperative outcomes in vascular
   patients. The database lists preoperative, intraoperative and
   postoperative variables in patients from the surrounding locale
   (Cardiff and Vale NHS Trust) undergoing open AAA repair performed over
   the previous 5 years (2010-2015). Data points were captured by the
   Chief Consultant Vascular Surgeon (IMW) using a variety of methods
   including medical record abstraction to populate the database.
   Experimental design
   We conducted a comparative analysis of IADs in 90 vascular patients
   with (AAA+) and 39 age-matched non-vascular patients without (AAA-)
   AAA disease (Phase I). IADs and serum creatinine concentrations were
   later assessed in the AAA+ patients following subdivision into three
   separate groups according to the surgical decision to site aortic
   cross clamp placement [infrarenal (IR), suprarenal (SR) or
   supracoeliac (SC), Phase II]. Figure 1 provides a schematic outlining
   the design and procedures undertaken.
   Patient groups
   Vascular patients (AAA+)
   Ninety consecutive cases of open AAA repair were reviewed following
   referral based on the ultrasound detection of an aneurysm via the
   Wales AAA Screening Programme. For open surgical intervention to be
   considered, the minimal diameter in the anterior-posterior or
   transverse planes was 50 mm for women and 55 mm for men .
   Non-vascular patients (AAA-)
   We also reviewed 39 consecutive cases of age-matched non-vascular
   control patients who underwent computer tomography (CT, see below) for
   abdominal pains and in the absence of AAA (   disease were excluded from the AAA- group.
   Surgical repair (AAA+)
   All treatment planning was reviewed in a specialist aortic
   multidisciplinary meeting. Upon referral, AAA+ patients underwent open
   surgery via a left retroperitoneal approach typically involving an
   incision into the 8th rib space. All were considered for open surgery
   as the surgical anatomy for endovascular stent grafting was
   unsuitable. Procedures were performed under general anaesthesia with
   continuous intra-arterial blood pressure monitoring and epidural
   catheter insertion for postoperative analgesia. Mannitol was
   administered intravenously according to whether a SR or SC cross clamp
   was placed. Reasons for a JR clamp position were made preoperatively
   following examination of contrast enhanced CTs to delineate the
   anatomical morphology of the AAA. This preoperative decision was
   corroborated at open surgery where the external appearance of the
   perivisceral aorta was examined prior to clamp application. Aortic
   cross clamping was performed with a 31 cm curved DeBakey titanium
   clamp (Mercian, UK) with 5 mm width blades.
   Experimental measures
   Ultrasonography (AAA diameter)
   The maximal transverse and anterior-posterior (AP) diameters of the
   abdominal aorta were measured by the same AAA surveillance specialist
   using echo-tracking ultrasound equipment (MicroMaxx, SonoSite,
   Bothwell, USA) and 3.5-MHz B-mode real time transducer. Briefly, all
   measurements were performed with the patient in a supine position and
   the aorta visualised in the longitudinal plane. Maximal AP diameter
   was identified by locking electronic signals to the B-mode image of
   the aorta wall and measuring from the anterior intimal layer to the
   posterior intimal layer throughout the cardiac cycle. The intra- and
   inter-observer coefficients of variation (CV) were    Computer tomography (IADs)
   All patients underwent helical CT scanning on a 64-slice
   multi-detector CT scanner (Optima CT660, GE Healthcare, Little
   Chalfont, UK), with slice thickness of 0.625 mm obtained on a 0.5 s
   rotation, at 120 kV with auto mA (100-550 mA) and field of view of 50
   cm. Imaging was acquired in the arterial phase with 80-90 mL of Niopam
   370 (Bracco UK, High Wycombe, Bucks, UK), at 5 mL/sec, acquired at
   10-20 s post-intravenous contrast injection (Smart prep triggered by
   operator). Multiplanar reconstruction of thin-slice images was
   performed on PACS (AGFA IMPAX 6, AGFA Healthcare, Mortsel, Belgium)
   and longitudinal distances measured on the appropriate planes,
   tailored to the orientation of the aneurysm neck in each case.
   Measurements were taken independently by two vascular specialists
   (with consensus reading for any measurements in which there were
   discrepancies) between: (i) lower border of the CA origin and upper
   border of the SMA origin (CA-SMA distance); (ii) the lower border of
   the SMA origin and upper border of the left RA origin (SMA-LRA
   distance); (iii) lower border of the SMA origin and upper border of
   the right RA (the SMA-RRA distance) and (iv) in patients who underwent
   IR repair, the distance from the lower border of the lowermost RA to
   the proximal sac of the AAA (the length of the IR neck) as illustrated
   in Figure 2. All were operated upon by one surgeon (IMW) and thus
   represent a personal series with the final decision as to where to
   site the cross clamp identical in each case. The intra- and inter-CVs
   of CT were    Renal function
   Serum creatinine: Blood samples were obtained from a catheter located
   in a forearm antecubital vein following supine rest and centrifuged at
   600g (4◦C) for 10 min. The serum supernatant was immediately analysed
   for creatinine enzymatically on a Cobas 6000 analyser (Roche
   Diagnostics, Indianapolis, IN, USA). The intra- and inter-CVs were
      postoperatively (Figure 1).
   Estimated glomerular filtration rate (eGFR): This was calculated
   indirectly using the simplified Modification of Diet in Renal Disease
   (MDRD) equation given by:
   eGFR = 186 × serum creatinine-1.154 × Age-0.203 × 0.742 (if patient is
   female)
   Preoperative renal insufficiency was defined as an eGFR    mL/min/1.73 m2 with postoperative renal failure defined as    mL/min/1.73 m2 combined with >20% decrease from preoperative levels .
   Statistical analysis
   ====================
   Power calculation
   -----------------
   The study was designed with 80% power at the P < 0.05 level to detect
   clinically significant differences in our primary end outcome
   variable, notably CT-determined IADs of AAA+ patients relative to AAA-
   patients. The predicted differences required to achieve clinical
   significance were determined following the mathematical derivation of
   the critical difference (see below). Assuming no potential dropout
   rate given that patients were scheduled for single visits to surgery
   (AAA+) or screening (AAA-), the present study required 70 patients
   (AAA+: n = 35 vs. AAA-: n = 35) in Phase I and 60 patients (IR: n = 20
   vs. SR: n = 20 vs. SC: n = 20) in Phase II to achieve sufficient
   statistical power.
   Inferential statistics
   Data were analysed using the Statistics Package for Social Scientists
   (IBM SPSS Statistics Version 22.0). Distribution normality was
   confirmed using Shapiro-Wilk W tests justifying use of parametric
   analyzes. Differences in counts and proportions of categorical
   variables were determined by Chi-Square and Fisher Exact Tests.
   Differences in IADs and creatinine concentrations as a function of
   group and/or operative stage were assessed using a combination of one
   way and two factor repeated measures analyses of variance followed by
   post-hoc Tukey Honestly Significant Difference Tests and
   Bonferroni-corrected paired samples t-tests. Pearson Product Moment
   Correlations were employed to determine relationships against AAA
   diameter. Significance was established at P < 0.05 for all two-tailed
   tests and data presented as mean ± SD.
   Critical Difference (CD)
   The CD was calculated to ascertain if differences in each of the IADs
   measured by CT were attributable to aneurysmal disease per se and not
   simply due to the “noise” associated with analytical imprecision and
   biological variation (ie. clinically significant) . This was given by:
   CD = k  
   whereby:
   k = constant equal to 2.77 at P < 0.05
   CVA = coefficient of analytical variation
   CVB = coefficient of biological variation
   CVA was taken to be 0.7% based on repeat CT measurements of a gelatin
   phantom. CVB was calculated to be 56.3%, 59.3% and 42.3% for CA-SMA,
   SMA-RRA and SMA-LRA respectively based on the natural variation (minus
   CVA) in each of the IADs observed within the AAA- patients given that
   we were unable to perform multiple repeat measurements on the same
   patient for ethical (radiation) reasons. Hence, this was a
   conservative estimate and equated to 56%, 64% and 17% for CA-SMA,
   SMA-RRA and SMA-LRA respectively. Hence, any differences in IADs for
   the AAA+ patients were expected to exceed the corresponding AAA-
   healthy control values by the CDs if they were to be considered
   clinically (as opposed to simply statistically) significant. The CD of
   creatinine was taken to be 14% based on published data .
   RESULTS
   Retrospective power
   -------------------
   Retrospective power analyses confirmed that the study was adequately
   powered in order to detect treatment effects with recorded values in
   excess of 0.8 at the P < 0.05 level for all main effects.
   Patient demographics
   Table 1 summarises the demographics of AAA+ (group and subgroup
   analysis according to clamp placement) and AAA- patients. Despite
   being well matched for age and gender, AAA+ patients reported a higher
   relative incidence of hypertension, diabetes, smokers, IHD, chronic
   renal disease and renal insufficiency (P < 0.05 vs. AAA-) with AAA
   diameters ranging in size from 50-110 mm.
   IADs
   The CA-SMA, SMA-RRA and SMA-LRA distances were shown to be
   consistently distended in the AAA+ patients (P < 0.05 vs. AAA-) with
   the differences considered clinically significant and in excess of the
   calculated CDs (Figure 3A). These differences persisted following
   subgroup analysis with the additional observation that the more
   proximal the clamp the shorter the IADs. (Figure 3B). In contrast, we
   failed to observe any relationships between AAA diameter and any of
   the IADs measured (CA-SMA: r = -0.181, P = 0.087; SMA-RRA: r = -0.087,
   P = 0.417; SMA-LRA: r = -0.046, P = 0.666).
   Clamp placement
   Figure 4 illustrates the technical challenges imposed by access
   difficulties to enable safe anastomosis of the graft during open
   JR-AAA repair influenced in part by the distance between the lowermost
   RA and proximal neck of the aneurysm that as anticipated was
   increasingly less with more proximal clamp positioning. Furthermore,
   of those receiving a SC clamp, 15/19 (79%) had a SMA-LRA distance of ≤10
   mm compared to 13/26 (50%) for a SR clamp and 17/45 (38%) receiving an
   IR clamp.
   Clinical outcome
   The more proximal the clamp the more marked the increase in
   postoperative serum creatinine concentrations (Figure 5A) and
   corresponding reduction in eGFR (Figure 5B) observed. Postoperative
   renal failure was documented within 2 days in one (2%), 3 (12%) and 10
   (53%) of the patients receiving IR, SR or SC clamps respectively. Of
   these, 2 (8%) patients receiving a SR clamp and 4 (21%) patients
   receiving a SC clamp suffered temporary/permanent dialysis. Two
   patients (11%) who received a SC clamp died within 30 days post
   surgery.
   DISCUSSION
   Consistent with our original hypotheses, three important findings have
   been identified. First, there are increased IADs in AAA+ patients
   relative to age-matched AAA- patients. Second, preoperative knowledge
   of IADs may assist with the surgeon’s decision as to the optimal
   position for proximal aortic control when performing open JR-AAA
   repair requiring clamping above the RA or SC. Finally, a progressive
   decline in postoperative renal function with more proximal clamp
   placement was observed. Collectively, these findings highlight the
   systemic nature of AAA disease and importance of CT imaging for
   operative planning for both open and endovascular repair of AAAs.
   The finding of consistently increased IADs in AAA+ patients is the
   first to our knowledge documented in the published literature
   highlighting the systemic nature of the disease that extends
   proximally to the abdominal aorta and its branches. Although the
   (between group) differences were only in the order of a few mm, they
   were nonetheless considered “clinically significant” given that they
   were shown to exceed the calculated CDs for each of the IADs measured
   thus providing the first set of (CD) reference data for future
   comparison. This is an important observation given the often-ignored
   interpretive idiosyncracies that arise due to the combined confounds
   of analytical (CT) imprecision and biological (human) variation .
   Precisely why we failed to observe any relationships between AAA
   diameter and any of the IADs measured remains unclear as indeed why
   the IAD measurement was less in those patients receiving a SC clamp.
   However, it is difficult to draw conclusions from the published
   literature as to the optimum anatomical configuration for either a SC
   or SR clamp. Cross clamp location is invariably subjective (varying
   from one surgeon or unit to another). Furthermore, to what extent it
   can be influenced by the preoperative knowledge of IADs remains
   unclear. Of the limited studies published to date, one has suggested
   that a SR clamp is advisable when there is 20 mm distance between the
   SMA-LRA whereas the other only vaguely advised blunt finger distance .
   Applying the former criterion to the current series would have
   translated into only 2 of our 26 (8%) patients suitable for a SR
   clamp. While a definitive minimum distance cannot be established from
   the present study, 10 mm may reflect a reasonable minimum distance
   between the SMA-lowermost RA to accommodate a 5mm width clamp to
   safely occlude the healthy SR aorta and suture a graft at the level of
   the RAs. However, these more technically challenging lesions are not
   without risks given the higher rate of cardiac complications,
   paraplegia, acute renal failure and hepatic/intestinal ischaemia . Postoperative
   renal function in the present study was shown to become progressively
   more impaired with proximal positioning of the clamp highlighting the
   requirement for possible renal support being required in both the
   short and long term. We were keen to focus on the impact of AAA
   surgery on post-operative renal function resulting in the specific
   measurement of the “standard” clinical biomarker creatinine and
   subsequent derivation of eGFR. While it would have been of interest to
   have performed additional biochemical measurements, we were not in a
   position to perform complementary systemic assays of (for example)
   oxidative-nitrosative-inflammatory stress and associated
   biomarkers/haemodynamic assessments of vascular endothelial function
   in our patients given both time and financial constraints. We have
   previously shown these “pro-atherogenic” biomarkers to be elevated in
   AAA+ patients (Bailey. et al., 2006). This would have provided further
   mechanistic insight into the systemic nature of AAA disease and
   further strengthened our clinical findings.
   The evidence suggests that the initial histopathology of AAAs is
   atherosclerotic, later diverting towards a distinctive dilating rather
   than occlusive aortic phenotype . This involves upregulation of
   proteolytic, oxidative-nitrosative-inflammatory stress pathways and
   subsequent loss of connective tissue and elastin within the arterial
   wall matrix that ultimately conspire to cause wall thinning, vessel
   expansion and rupture . Though aneurysmal disease may be localised to
   a specific area of the aorta with a clearly defined neck, emerging
   evidence suggests that the entire vascular tree may also be affected.
   In support, AAAs have been associated with generalised arteriomegaly
   with defects in matrix composition confined not only to aneurysmal but
   equally nonaneurysmal aortic segments . This generalised defect in
   systemic connective tissue metabolism may also explain the
   predisposition to other clinical conditions including hernias ,
   cerebral aneurysms , polycystic kidneys and pulmonary emphysema .
   The underlying mechanisms responsible for the increased IADs in AAA+
   patients remains to be established. This may be related to defects in
   systemic connective tissue metabolism resulting in loss of the
   protective scaffolding proteins collagen and elastin that can
   influence mechanical compliance localised not only to the aneurysm
   itself but may potentially extend proximally to impact the rest of the
   abdominal aortic arterial tree. This is supported by emerging evidence
   for impaired arterial dilatation and reduced distensibility in AAA+
   patients compared to AAA- patients .
   While we did not perform arterial pressure waveform analysis, it is
   conceivable that the increased IADs observed in the present study may
   contribute, at least in part, to the elevation in pulse wave velocity
   (PWV) recently observed in AAA+ patients, taken to reflect impaired
   aortic compliance . Furthermore, longitudinal distension of muscular
   porcine arteries in vitro has been associated with a loss of arterial
   distensibility subsequent to augmented vascular smooth muscle (VSM)
   tone, the likely consequence of mechanical deformation of the cell
   membrane resulting in Ca2+ channel activation . Since VSM tone
   contributes to vascular remodelling , this may prove a hitherto
   unexplored histopathological mechanism that has important functional
   consequences given the abdominal aorta’s contributions to the
   Windkessel cushioning of pulsatile flow and an elevated PWV may
   precipitate AAA rupture and is also associated with increased
   cardiovascular mortality, the primary cause of death in AAA+ patients.
   In conclusion, these findings highlight the systemic nature of AAA
   disease with significant vascular remodeling of the proximal aorta
   above the RAs in the form of increased IADs. Furthermore,
   pre-operative knowledge of IADs may help inform the optimal level of
   proximal aortic control during complex open JR-AAA procedures that are
   associated with a higher postoperative risk of renal impairment.
   Finally, from a practical perspective, our normative reference data
   also provide a much-needed anatomical description of increased IADs
   that may help inform the design and manufacture of complex grafts that
   extend above the RA involving the visceral artery windows/branches.
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