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Back_1pw1wd: The concept of "critical'" ~-tenosis at which there 
is a sharp reduction in furward flow is derived from arterial 
disease. The critical element in venous stenoses is upstream 
pressure, not downstre:im flow. M:any venous symptoms and 
microvascular injury are related to venous hypertension. We 
studied the dfuct of venous stenosis on upstre:im pressure 
\L~ing a mechanical model and with clinical measurement.~ after 
stenting of iliac vein segments (common and external). 
Methods: The experimental model consi~-ted of a Starling 
Resistor - Penrose tubing enclosed in a pressurized plastic 
chamber to simulate abdominal venous flow. Clinical 
measurements included time-averaged velocity, area, rate of 
flow , and quantified phasic flow volume in the common 
femoral vein before and after iliac vein ~-tenting. Traditional 
air plethysmography and occlusion plethysmography were also 
perti:>nned. 
&mlts: The mechanical model showed that up~-tre:im pressure 
varied based on (1 ) volwne of venous inflow, (2) abdominal 
pressure, (3 ) outflow pres.mre, and ( 4) outflow ~-tenosis. 
Up~= pres.~ure changes were inverse to flow as kinetic 
energy was converted to pres.~ure as required. A venous stenosis 
of as little as 10% raised u~ttcam pressure in the model when 
the abdominal pressure was low, but high grades of stenosis 

Th.: concept of "'c1itical'" st.:nosis is deriv.:d from art.:-
1fal work . lt is th.: particular d.:gre·.: of stenmis \\·hen th.:r.: 
is a sharp drop in pr.:sstu-c and flow cun •e·s in th.: stenoti.: 
segm.:nt ,md in th.: pcitt1sion downstr.:am. Sine.: flow and 
pr.:s:ur.: are tightly int.:rconn.:ct.:d, "' c1itical'" st.:nosis \',ui.:s 
with flow but is g.:n.:rally in the 60% to 80'Yo rang.: for many 
clini.:al ,u·te1ial st.:noses. How.:\"C:r, th.:s.: \·alues cannot be· 
exn·apobted to \·e·nous stenosis beG1use numerous govern
ing factors such as collapsibility, \·docity/ pressure profiles, 
and pulsarility ar.: dift;:n:nt :md th.: H..:ynokfs numbn is 
lo\\"er. Most imprnnntly, the c1itical ekmcnt r.:kvant to 
\·,nous ~·ymptoms is ek,·ation of upstr.:am pre·ssLtre, not 
dep1frarion of do\\"nstr.:am flow. Venous edema is r.:bt.:d 
to ekvat.:d pr.:ssun::. Micronscular damage-, \\"hkh unde-r
li es chronic \"Cnous disease, is now kno\\"n to be tri)!.ger.:d 
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had no contribution when abdominal pressure was high.. 
Stenting of the Penrose moderated or nullified up1>-tream pres
sure change.~ related to abdominal pressure_ There was signifi
cant decompres.~ion of the a>mmon femoral vein, implying 
pressure reduction afur stenting; median area reduction was 
15% and 10"/4 in erect and supine, respectively. Air plcthys• 
mography showed improvement in venous volume and in other 
parameters in confirmation of venous decompression_ There 
was significant prolongation of ph:isic flow duration and 
quantitative phasic flow increased (median, 16%) after !>-tenting 
in the erect position. There was no increase in arterial inflow
C011clNsio,u: The criticality of iliac vein ~-tenosis is based on 
peripheral venous hypertension, which is controlled by more 
confuunding factors than in arterial !,tenosis. The experi
mental model clarifies the interplay of the many variables. 
Clinical measurements indicite that iliac vein stenting results 
in decompression of the limb vein.~ and , by inferena: , 
a reduction in venous pressure. Venous flow is improved less 
consistently and , in part, is related to an increase in duration 
of ph:1sic flow. Limb arterial flow is not increased, and the 
venous flow changes are likely the result of rearrangement of 
the velocity and pressure components of venous flow. (J Vase 
Surg: Venous and Lym Dis 2013;■ : l-8. ) 

or SLL5tai n.:d by \·.:nous h~1x:rtcnsion .1 5 In addition, lower 
limb v.: nous outflow is susc.:ptibk to .:xt.:rnal compr.:ssion 
(St,u·ling R.:sistor ) as it transits thmugh the abdomen. Th.: 
prn11os.: of this ,u1:iclc is to cLu·i~· the ma ny va1iable s that 
d.:t.:1111in.: "'c1iti cality'" of iliac v.:in stcnos.:s LLsing a m.:chan
ical venous 1rnxld . We also ;.malvzcd dini.::al m.:asurements 
in pati.:nts und.:r!!:oing iliac Ye·in st.:nting to confirm that 
pressurc-r.:lated par;.1mcteTS improve after stenting as sug
gested by model r.:sul ts. 

METHODS 

The basic model desc1ibed by Starlin!!,6 and later H olt7 

(Fig 1, A and B) consisted of a v.:nous cond uit of 10-inch
long Penrose drain (1/2 inch insi de diam.:r.:r [ ID ], si milar 
in siz.: to the iliac \Tin ) position.:d ho1izontally bctw.:en 
shrnt brge-lx>re ( 1/ 2 inch ID) 1igid rnnn.:ctors (to mini
miz1c end etfrct.s ) and enclosed within an ai1tight t.r,msp:.1rcnt 
zig.id PVC: .::ylind.:r capp.:d by rublxr stopp.:rs on either 
end. l're ssurizari on (Starling pressur.: ) to rhc: cdinder was 
provided by \\·atn fi:d by gI"<l\·ity from a r.:sen ·oir. Inflow to 
th.: P.:nros.: \\"as also from a !!,l'<l\·ity-t::d re·snvoir c01t~t.111tly 
replenished to maintain a const,ult level and pr.:ssure head. 
\\ at.:r, a :-.l.:\\tonian fluid (\·iscoscit\' indqxmknt of sh.:ar 
rate ), was th.: flow meditun; blood , a p:111:iculate suspension 
that ex hibits anomalous \·iscous propc:rti.:s in c.:rtain flow 
r.:gim.:nr, nev.:1th.:lcss behaves li ke a . 1ewtonian fluid 111 
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Fig 1. Mcchani.:al venous model. A, Shows the Pcnmsc cndosed 
\\ithin a Pkxigla.~ cylinder. Various pans arc shown in the s.:hc 
maric (B) : I , Infloll" reservoir; 2, Infloll" tubing; 3, l: p.~trcam 
prcs~1.1rc monitming catheter; .J, Penrose prt·ssun: monitoring 
,athctcr; 5, Penrose ntbing; 6, Pk:xiglas ,rlindcr; 7, Shorr 
connc,tor in I e1wccn Penrose and ntbing; 8, Ball ,·ah-c used to 

simulate outflow ~1:cnosis ; 9, Outflow tubing; kn·) of outflow 
orifi,c could be , ·aricd; 0 mm Hg and 10 mm H g arc .shown. The 
outflow nthing size ,·aricd from 1/ 2 in,h to 1/8 in,h (shown at 
the lx,ttom) to simulate outflow ~tcnosis; IO, Outfloll" tank; I I, 
Prcs~1.1rizing reservoir for the Starling Resistor. 

large conduit flows,8 10 meaning that mod.:I re·sttlrs \\·ill 
qualit.1ti\'e·ly reflect biologi.: flow. Volum.:t1ic flo\\ · at 
consunt input pressur.: from the r.:s.:r\'oir into th.: Penros.: 
setup (Starling Resistor) could be v,uii:d by using 1igid 
plastic tubing of v,uiable known diamet.:rs com1<:cting 
them. Although static pri:ssur.: at thi: l'.:nrose \\'h.:n flo\\' 
is stoppi:d \\'ill be the s,un.: ( reservoir inpllt pr.:ssur.:) for 
all tubing sizes, smaller tubing will cany smalkr flows with 
lower pressLU·es (l'oiseulk equation) into the Penrose, simu
lating vasoconstticti on. The omflo\\' tubing .:mpri.:d abon: 
the water k"cl (no siphon .:!fret) into an etflucnt tank . Out
flow stenosis could he simulatcd by using ·mallcr ourflow 
tubing. Rat.: of flO\, . through thc condtti t ,,·as m,mualh· 
measun:d outflow into the graduated etfluellt t,mk . Lit.:ral 
prcssun:s within th.: Penros.: t l'e·nros,: pr.:sstu-.:} and imm.:
diatcly upso·eam ( upstr.:am prt'ssure ) wer.: m.:asur.:d by 
water manom.:tcrs through appropriately position.:d ..:ath.:
t.:rs inseried through small side l10lcs in th.: 1ig;id .:nd 

cont11.:ctors. Th.: he·ights of thc input r..: sc r\'oir, th.: pr.:ssur
izing r.:s.:r\'Ciir, and thc end 01if11:c ofth.: outflow tub.: were· 
each adjusr-.:d rdativ.: to the· l'enros.: to provide thi: r;.rng;e· 
of pn,ssur.:s t.:st.:d. l'r.:ssur.:s ,u·o.: shown J S 111111 Hg using 
standard co1we·r-sion from water pre·:sw·e in cm. Th.:y 
approximat.: known plwsiological rang.:s (r.:sting, ,·asornn
sttiction, lwper.:mia ) in low.:r limb , ·.:no us flow. R.:sting 
lower limb flo\\' approximates = 1000 ml/minute, oft:o.:n 
incrt'asing up to four times with periph.:ral vasodibtation 
and decreasing by 80% with \'asoconstriction .<> Peripheral 
supin.: venous pre':\surc is in th.: 10- t.o 12-mm rang.: .8 

Capillary pr.:ssure at the ,·.:mrlar end is estimated to b.: 15 
to 20 111111 Hg. 11 

In some .:xpcrim.:nts, a high-precision adjLL~tabk lx1ll 
valv.:, graduated by tim.:d volumt:tric flows to simulat.: 
varying d.:gr.: es of st.:nosis, was mm111ted hetwe.:n the 
Starling Resistor and th.: outflow tube. 

In a final sct of experiments, 14-111111-diamett'r Wall
stents (Boston Scientific, ~atick, ,\fass ) ,wre· inscrt.:d into 
th.: l'.:nros.: to cov.:r one-third and two-thirds of its lcngth 
from the inflow connector or its entir.: length to assess their 
.:ffect on upstream prcssur.: . 

Each rnn \\~ls r.:p,:atcd two or mor.: times, and th.: re
sults were awragcd. Variance within cach run set \\"JS < l'Xi . 

Patients and clinical measurements. l'r.:operative 
and posto111crative duplex mcasur.:me nts were .:xtracted 
from clinical r.:cords of patients who underw.:nt iliac ,·cin 
stcnting in the last 2 yea1-s ( 11 years for air plethysmog
raphy I Al'<..i ; AC! Medical , Los Angeles, CA ]) for relief 
of obstrnction . All pati.:nts in whom both pr.:op.:ratiw 
and posro111crative data sets were available w.:r.: includ.:d . 
Ninety-six of 230 and S5 l of 1980 st..:nt.:d limbs wcr.: 
anilable for analysis of duplex ,md air plcthysmograpln· 
data, r.:spectiv.:ly. The ratio of nonthrombotic to post
thromboti..: limbs in rh.: data set was I :3. 

Flow dara wer.: obtain.:d \\ith a dupkx scanner (Logiq'>, 
l.iE ,'vkdical Syst.:ms, Waukesha, WI ). Time-average·d flow 
velocity (TA '), vessel diameter, ,md duration of forward 
flow during the respir,nory n·cle (T ) w.:re r.:cord.:d in th.: 
supin.: and i:r.:ct positions in the ..:ommon tt'moral vein 
I cm ahov.: th.: saphcnof~moral junction h.:for.: and aft.:r 
stenting; this site is at least l to:;; cm b.:low the IO\n·r .:nd 
o f the· st.:nt . Calculated paramet.:rs from thc abo\'t' basi..: 
data included ar.:a of th.: vess.:I ( A = T.r.2 ), vol umettic rate 
offlo\\' (Q A*TAV), and absolute phasic fl<J\\" volume 
(Q*T ) in the· common t;:mor.11 ,·.:in that .:gress.:d out duting 
e·a..:h respi1~1to1-v cycle ( Fig 2 ). 

APG. Standard param.:t.:rs in..:ludin'-1, , ·.:nous volum.: 
(VV ), ejection volum.:, ejection fraction , residual volume, 
and rcsidual volum.: fraction wcr.: mcasur.:d . The Al'<..i 
instrum.:nt \\'as also us.:d to obtain thc follo\\'ing parame
ters \\·ith occlusion pkthysmogr~1phy1 2

: ( I } tl1<: rare of 
art.:rial inflow cakubtcd from the sl op.: of th.: initial st.:.:p 
segm..:nt of the volumetric CL11T..:; (2 ) duration of ;1rt.:1ial 
inflow curv.: to the· platcau; and (3 ) outflo\\' fraction (OF ) 
at I ,md 2 seconds . All ,u·e supin.: mea Lu·ements. 

All postopcrniw m.:asur.:m.:nrs wcr.: made· at least 
6 weeks after the procedur.: to mitigate am· related 
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Fig 2. Color flo\\' \\'ith phasi, \1-an:tiJrm in the ,ommon frmoral vein ( CFV) . Pha.~c: duration is marked I y technologist. 
Time avcrJ~c vclodty is ma,hinc ,akulatcd I ascd on pha.\c durJtion . 

short-ti.:rm 1-x:1iurbation su.:!1 as hi.:matoma, limb i.:di.:ma, 
and cardio\'as.:ubr dl-~cts of 1x:riopi.:rativi.: mi.:dic,1tions . 

Statistics. lndi\'idual data ari.: p.iv1en as mi.:dian \1·ith 
1:111ge, unkss oth1erwisi.: indicati.:d . l'air1ed \'Jlu1es \1·i.:r1e a11:1.
lyzed by nonparamenic, rwo-t.1iled Wilcoxon 1:111k ti.:st . 
Statistical significan.:i.: \\ 'JS di.:fini.:d as a l'valui.: less rhan .05 . 
All analysis was performed usinp. Prism soft11-.iri.: (11Yinc, 
Calif). G1-.iphics wi.:ri.: p.i.:ni.:rati.:d using Prism sof-h,-.iri.: and 
Mi.: rosofi: Ex.:i.:I ( Ri.:dmond, \Vash ). 

RESULTS 

M.echanical venous model. Upstream pre ssuri.: was 
foLmd to be rdated to ( l ) volLuni.: of inflow ,md for ,my gi\·i.:n 
inflow, (2) Starlin~ pri.:ssurL', ( .3 ) outflow pri.:ssuri.:, and (4 ) 
outflow stt'nosis. This is illuso·ated in i.:xpi.:timents \1·heri.: 
only thi.: testi.:d \·a1fabk changed \lirh others si.:t at zi.:ro or 
basal settings. UpstrL·,un pri.:ssLu-c is dcfincd (and named ) as 
the pressurt' at the l'cnrosi.: inlet ,md would broadly r1efl1ect 
1x:riphcral vi.:nous prcssuri.:; prcssun: gradient in the limb 
Yenous flow is L·stimatcd to Ix \',:ry small ( < 5 mm Hg).11

•
13 

In the experimental SL·tup, thc pressu1-.: head at thc inflow 
tank (20 mm Hg) simulates thL· prcssurc at the wnubr end 
of the G1pilhu·y. This pn:ssure never .:an cxi.:1ei.:d 20 mm Hg 
in rhe setup and in rhc quicsccnt rcsting limb, as no ncw 
cnag\' is added . In vivo, calt~ and fcxit mLL~dc pumps can 
impart additional motive energy (and prcssurc ). 

Inflow volume. Upstream pressures arc .-hcl\\'11 for 
a 1:111ge of \'O)umerri.: inflows t Fig 3 ). Upstream pressure 
ini.:ri.:ases nonlinearly \\ith inflow n>lumL· rcprcsi.:nti.:d in 
rhc figure b\· cross-sL·ctional ,u·e:i of inflm\· ntbin!!,. 

Outflow pressure. Upstrcam pri.:ssurcs arc shm\11 for 
a 1:111~e of outflow pri.:ssLu·i.:s t Fig 4 ). It i.- a µ,.:ntlc <:LUYe . The 

inflow/ outflow prcssurc gradii.:nt rcmains roughly consr,u1r. 
Flow volumc decrcasi.:s ct\ upstrcam prcssure increases due 
to con\·i.:rsion of pan ofthi.: flo\1· \'l:locity to pres.stm: energy. 

Starling prc.ssure. Upstream presstu·es are shown fi:ir 
a 1:111ge of ' tarling pn:ssures ( l~g 5 ). U pstre;:im pressu1·i.: 
incrc·Jsi.:s in a lincar fashion as thL· flow d1ecreascs in 
a curvilincar fashion elevati ng the upstream prcssure . As 
a result, the transmural prL·ssurc ( upsm.:am prcssurc -
Starling pres.sure ) ri.:mains at a near constant )e\'cl. 

Outflow stenosis. Upstream pressurcs arc shown for 
a range of outflow stcnoscs ( Fig 6 ). Outflow tubing size 
of 1/ 2 inch ID rqlrcsi.:ntcd 0% stenosis, as inflow tubing 
was also thc samc size. Tcn pen:ent to 30% sti.:nosi.: s 
(volumetric ) \·;:i)ucs wcrc obtained with the ball \'alw SL"tllp 
at thL· outflow cnd. For 45% to 95'Yo ste nosis, outflow 
tubing nrying from 3/ 8 inch to 1/ 8 itKh ID pro\'ided 
L"akubtcd are:i stcnosis. Sin.:c diameti.:r/ flo\\. rcbtio1tship is 
nonlincar, the two stenosis scales are difrtcrent but yiddcd 
cmpirically step\1ise rcdu.:rion in flows . 

C'.,ombinations. Up.- rrcam prcssurcs an: shown for 
\'a1ious combinations of Starling prcssure , outflow pres
sure, and outflow stcnosis (Table I ). Rd(retKi.: prcssurc is 
upstream pressure and is de1ivcd data in Figs 3-6, where 
indi\'idual comprn11:nts of the \'atious combinatiott~ wcrc 
tested a~ainsr zcro scning for other compo nents of the 
\'cuious combi nations. It can be seen that the upstrcam 
prcssurc is largcly influL·tu:cd by the highL·sr ri.:fi.:ri.:ni.:c 
pres.sure in the combination mix (ie, upstrcam pressure is 
nor additi\·c but reflects the \·aluc ofrhat single .:omponcnt 
,\·ith the highest n:fcri.:nce pressure ). 

Effect of steuting. Thi.: eff~1..i of StL·nting on the· 
inflUL"IKC of Starling prcssure on upstream prcssur.: is 
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Upstream Pressure (mm Hg) vs. Inflow Volume 
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Fig 3. Relationship l ctwccn up~tream pressure an I inflow niJumc. In this b'Taph, volume is ind icated by inflow tul ing 
size (a\< axfr). ID, Imide diameter. 

sho\\'n ( Fig 7 }. Partial stenting of onc-rhird kngth of the 
Penrose had no ..:ft-.:cr; sr,·nring two-thirds knµth prc
v..:nt..:d upstream prcssur..: ris..: with Starlin!,!, pr..:ssur..: tis,· of 
up to 10 111111 Hg, ;111d st..:nting th.: full kngth of the 
l'..:nrosc was protc..:tiv..: up to 20 mm Hg Starlirn.?, pr..:ssur..:s. 
Full-kngth st,nting in efl~·ct ..:om·,Tts the collapsibk P..:n
rosc into a rigid tub.:, r..:ndcring it immLmc to Starlinµ 
prcssLU'c ..:ff,:cts on upsrr..:am pressLu·..:. 

T hen: wer..: no cxpctimcnts to ..::01,-,·..: t o utflow st..:nosi~ 
with stems b..:cause of the nature of mechanical simulation 
of ourflow stcnosis. Th.: dti:,, of st..:nr ..:orr..:ction of 
outflow st..:nosis .:an b..: assumed to yield pr..:ssur..: nlues 
similar to zero stcnosis in Fig 6. 

Clinical studies 

Duplex measurements. Common frmor.11 \'Cin flows 
ar.: shmn1 b..:fore and after iliac v1ein stenting in th.: supine 
and el'IC,i positions (Table 11 ). The most miking chanµe is 
in reduction 111 th.: common femoral v..:111 ar..:a 
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Fig 4. Relationship between outflow pressure (X axis), up.~rrcam 
prcs,1.1re with 1/ 0 pres,ure gr.idient (left Y axis ), and flow velocity 
(right Y axis). Ups tream pressure inueascs \11th increasing outflow 
prcs.1.m:, and flow declines. 1/0 pressure b'Tadicnt remains nearly 
the same . l/ 0 , Inflow/ outflow pressure . 

( d..:compr..:ssion ), of m..:dian l 5% and 1(1½, in ..:r,·l1: and 
: upin..:, r..:sp..:l1:h·dy, alkr st..:nrinµ . ,\ kdian \'docirics (TAV ) 
incr..:as..:d significantly as a r,·stdt, m· 25% in erect and 37'X, in 
supin..: position. Rm: of flo\\ /scc is unchanged (1' N . ) 
after st..:nting in ..:ith.:r position . Hm,·..:\·..:r, th.: duration of 
phasic flow en and phasic flO\\ ' \'Olume incre,l~ed signifi
..:.unly by m..:dian l 8% and 16%, r..:sp,:cti,·..:ly, aft..:r st..:nting 
in the n1e..:t position . T and pk1sic flow \·olum,· show,·d 
a tr..:nd toward in..:r..:as..: ( median, 11 % and 14%, r..:sp..:c
ti\·o: h- ) in the supin.: position after stcnting, which did not 
r..:ach stati,-rical siµ;nitiean..:..: in th.: sample siz..: . 

Venoarteriolar re flu x .. Th..:r.: arc signitiGult (Tab!.: I 
footnote ) d.:cr..:ascs in flow parameters on changing th.: 
position from supine to ..:r..:..:t. l'r..:opcr.1tiwl\', the duration 
of phasic flow ( l"}, rat.: of flow, .md ph,1,i..: flow \'Olum..: 
d..:clin.:d on postur.11 clung.: by a m..: dian 28%, 37%, and 
52%, r..:sp..:cti\·d\', all of which ,wr..: significant d..:crcas..:s. 
l'm,st..:nt, these postural d1:clin..:s w..:re similar, and ther..: 
was no imp ro\'..:111..:nt in 1·..:noa11,-riolar r..:flux (I' = NS ). 
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Fig 5. Relationship be tween Starling pressure (X axis ), upHrcam 
pressure \\ith tr.immural pressure (left Y axis), and flow ,·docity 
(right Yaxis ). \i\'i t h incrca.~ing Starling pres.~ure , up.stream pressure 
increases in a li near fashion, as flow decline, in a curvi linear fa.~h ion . 
T r.1nsmur.1I pressure remains constant . 
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Fig 6. Relationship bctll'ecn outflow stcnosis and upstream 
pres,1.1rc tiir a 1-arict:y of Starling pressures . ?\ote the sharp increase 
in upstream prcs,1.1rc 11·ith a., little as 10% .,tcnosis ll'hen Starling 
pressure is 0 mm Hg . Outflo11· ,tcnu-cs of$ 42% sholl' pm!:,<rcssr.·c 
inLTca..,c in upHrcam pressure 11·hcn Starling pressure is lro 10 mm 
Hg. \\'hen Starling pressures arc $ 15 mm Hg, the upstream 
pressure rn1Yc i, flat ( ic.: , incrca..,ing the Lk!:,<rCc of steno.sis ha,; little 
etii:cr on the already high upstream prc.,sun: r sec text l l. 

APG. Al'U paramett-rs an: given lx fo re and afrcr 
stcnting, sh0\1ing impro1·cment in all of the displayL·d 
paraml'tns (Tabk Ill }. 

Occlusion plethysmography. Occlu ·ion pkthysmo
graphic data \\'.:re obt.1inc.:d in the.: supine position (Tabk I 

0

) . 

Therc wa.~ no chaJ1µ;.: in artc.:1ial flow paramc.:tc.:rs aftc.:r 1·c.:nous 
stenting. Voltunc.:n·ic outflow fractions also did nor change.:. 

DISCUSSION 

l'resstu·e, specifi.:ally upstream prc.:ssw·c.:, is the.: oiti.:al 
element in venous stenoses. Flow may bL· r.:btcd ro venous 
cbudication but is not critictl and seldom h:ads to tissue.: loss. 

Upstream pressure.: is influenc.:d by (1 ) outflow st.:nosis, 
(2 ) volume of inflow, t ::! ) St,uling prc.:ssurc·, and ( 4 ) at1ial 
press tu·es. Clinical analogl](.:s r.:sulting in limb c.:dc.:nu from 

the.: bst thrc.:e biomechani.:al factors in whole or pa1T are 
high cardiac output states such as septicemia or artc1iove
nous fistub, 1·c.: nous ed..:ma from increased abdominal prc.:s
sur.: in morbid obesin·, and 1:dcma of congestive hea11 
failurL· respl·,tiwly. Whc.:n ther1: is a ..:ombination of these 
fa.:tors, the: modc.:I results suggc.:st that the.: highc.:st cont1i b
utinii; factor ( not an additi1·e .:om bi nation ) sets the: upstr<!am 
press urc . Ofth.: four factors, stenosis, spccifically iliac vein 
stenosis, is import.mt as it appe:u·s to be a ubiquitous 
lesion .14

•
1~ Significult stenosis ($ SO%) is prc.:senr in one· 

third, and l.:sser d<!grec.:s of stenosis in :in additional third 
of the genicral population in sil1:nr form. Thc.:r.:forc.: , a diag
nostic sc.:arch is 11·011hwhilc.: .:1·en if one of the othc.:r threc 
.:ausativc.: factors is clini..:ally ap1xu·c.:nt. This approach has 
~·iddicd dinical reli..:fin selected symptomatic patil·nts .16 

What dc.:grcc.: of ,-r.:nosis should be.: .:onsiderc:d critical? 
In rig 6, there is a shaq, 1ise in upstrc.:am pressur1: \\'ith as 
littk ;1~ 10% stenosis \\'hc:n Starling prl·sstu·c.: is at 0 111111 Hg 
and at 45% Stl·nosis \\'hcn Starling prcsstu-c is 10 mm Hg. 
Ar higher Starling prL·ssurc.:s, incn:asing st..:nosis has link 
effect on upstr.:am prc.:ssurc.:, :t~ th.: former sets the pressure.: . 
While th..:sc quanritatiw stc.:notic thrcsholds c1rn1ot bc 
precis..:h· exn·apobtcd to clini..:al practicc , this mc.:ans thc:r..: 
is no sing.lie "critical stenosis," and all of the factors i:ontrib
uting to venous hypenc.:nsion have.: to bc considc.:rcd . Of 
these, only the inn·a-abdominal prc.:ssure/srenosis combi
nation \\·as adequatcl\' studied in the.: modc.:I. 11 

"::-.lonnal" intra-abdominal pr.:ssurc: ,wc.:rages about 
6 .5 mm H).).,11 with a wide r.rngc from < l 111111 Hg to 
16 nun Hg with a positive correlation to body mass .17 

Lesser dc.:gr.:c.:s of stc.:nosis m:iy bi.: ,·ymptomati..: in patients 
\\'ith lo\\' inrra-abdorninal pr..:ssurc than in paric.:nts with 
highc.:r pressurc.:s. Intra-abdominal pressure.: can be clini
callv monitorc.:d via bbddc.:r prcssurl·. 17 El.:1·ar.:d intra
abdominal pressure in obese patic.:nts has b.:c.:n implicated 
in chronic venous disease .18 i\llost obese pati.:nrs with 
advanced ,·enous disease h:u·bor iliac vein stc.:nosis, but 
increased abdominal pressure alone 111;11· be the.: main factor 
in a small ti~Ktion .18

•
19 Although the model suggests that 

stenting may bi.: hdpful en:n in the bner subsct, the extent 
of stc.:nring rcquirL·d is unclcaJ·, as thc.:re is no provision for 
dift;:r.:ntial \\'all thi..:kness of vena can ( thicker ) and iliac 
wins (thinnc.: r) in th.: model design. 

Table I. Upstre~u11 pressure.: for various combinations of setup pressures 

Setup pram,-.: c1m1/Ji11atio11s 

fo□,m,, 111111 Hf1 Sta1·/in11, 111111 Hf1 Stmosir, % 

20 15 0 
20 15 95 
20 10 0 
20 20 30 
20 :i 79 
20 5 42 
20 10 10 
20 15 89 

Upm·cam pr,·m,n·, 111111 l-lf1 

16.7 
20,0 
13.l 
20.0 
16,5 
10.9 
12-4 
19,6 

InCxm•, mm 1-ftr 

5.9 
5.9 
5 .9 
5.9 
5.9 
5.9 
5 .9 
5.9 

Rcfi·ro,a pramrc 

Starli1111, mm 1-ftr 

16.7 
16.7 
13.l 
20.0 

9 .2 
9.2 

13.l 
16.7 

RctCn:rll:c prc.ssun.: L ... fi:>r parth:ul.ir sctuJ p.1r.1mctcr when others Jrl.' zero. Upstrc;.un pressure approxim.ucs highest rdCrcnc.:c prc.s..~un: ( bold}. 

Sto111sis, % 

5 .9 
19,8 

:i .9 
10.3 
16,6 
lLO 

9 .2 
18,7 
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Length and Full Length Stents 
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Fig 7. The ctli:ct of ,Tenting the Penrose in the Starling Re,istor on up,Trcam pressure . Sten ting the foll lcn1;,-rh of the 
Penrose k.eep.~ up,Trcam prcs_~urc low and near!)' ,omtant, dc~ite in,rcasing Starling prcs.rnrcs. Stenting two thirds of 
the kn1;,>1:h of the Penrose is ctli:c'"five for Starling pressure# 10 mm Hg . Stenting onl\' one third of the length of the 
Pcnra;e has little pressure shielding ctfrct. 

In post-thrombtic and nonthromhotic limbs with 
~-ymptoms, the stenosis itself is likely the dominant fanor 
in p.:1ipheral \·enous hypertemion . Three-quart.:rs of limbs 
in th.: data set were post-thrombotic . In our dinical prac
tice, ~-ymptomatic ilia.: vein srenoses in these subsets ha\·e 
averaged $ 50% on intravascubr ultrasound,20 although 
~,entin!:!, lc:sser degrees of stenoses has kd to clinical rclid. 
occasionalh·. 

The various flow/pressure relationships arc best under
stood from flow em:rg.etics. Peripheral n :nom flow c11<:rgy 
(E} is the sum of pressure' t i' ) and vclocin· components ( ,,) 

a.:cording to Bernoulli th.:or.:m: E I' 1/ 2 pl. The 
g1~witv component need not be considered in the supine 
subje.:t. Since velocity is near zero at the n:nular end of 
the capillary, all of the energy is repn:scnted by pn:ssur.: esti
mated to be 15 to 20 mm Hg. Depending on downstream 
flow conditi011~, some portion of the pressure enerb'Y i. con
\'erted to \'clocity . For conversion, l mm Hg - 1330 dn,es/ 
(111

2 (usinv. \·clo.:ity in .:m per second ).K When there is an 
increase in Starling pr,·ssure, outflow pressure, or stenos is, 
the upstream p1-c:ssw·e in.:reases with a lm,ing of the flow 
(ie, v.:locity is conwrted to pressLu·c energy). The pressure· 

Table II. Common femoral vein flcn1· vclocin· data before and after stenring (ere.:t and supine positions ) 

En:rt d11pkx ( 11 = 96) 

T V, rn1/ sec 
Diameter, mm 
An:a, mni2 
Pha.sic duration T scc1' 
Flow volume ra~c, 'ml/ mini, 
Phasic flow n,lumc, ml" 

S11pin,· d11p/c,: (n = 61) 

TAV, cm/sec 
Diameter, mm 
Arca, nmi2 
Phaiic duration , T, sc,h 
Flow volume rate, ml/ mini, 
Phasic flow volume, ml0 

TA V. Timc-.wcraµcJ n:lodty. 
~i~ificJ.nt. 

Er,·ct pr.-rto1t 

0.04 ((J.01012 ) 
13.tiO (8 .90 19.20 ) 

145.28 (62.21 289.53 ) 
1.95 (0 .19 4.10) 
5.90 ( 1.54 16.66 ) 

11.15 {0 .92 43 .30 ) 

S11pim· prutmt 

0.08 ((J.02 0 .18) 
11.90 (5 .70 18.10) 

111.22 (2;'" .52 257.30 ) 
2.70 (0 .15 5.10) 
9 .29 (1 .79 94 .77 ) 

23 .17(1.1994.77 ) 

Erar poststmt % Clmll!fe ( I I P m/11, 

0.05 (0 .01 0.10) 125 .006. 
12 .55 (7 .50 22 .50) 8 .0001 • 

123.70 (44 .18 397 .61 ) 15 .0001· 
2.30 (0 .30 5.30) I 18 .02• 
5.98 (0.65 19.88 ) I 1 .8 

12 .89 (0 .92 53 .68) I 16 .049' 

S11pi11,· portstc11t % Cba llflt' ( I I p )'tl/111· 

0.11 (0 .05 0.25 ) 138 .0009' 
11.30 (5.30 19 .30 ) 5 .05 

100.29 (22 .06 292 .55) 10 ,045• 
3.10 (0 .60 5.10) I 15 .1 
9.29 (2.64 35 .11 J 0 .1 

26.47 (6 .04 137.62) I 14 .1 

hValucs for phJ.Sk dur.1tion, flow \·olumc r.uc, .mJ ph.1.Sic flo\, \'olumc \\en: .1.ll siJZnific .. 1ntly Jifl'cn:nt ( P < .000 I ) between supine .md cn..'\:"t positions 
( \'cno.1rh:dol.1r reflux } before stcnting: . It n:m.iincd the ~me .tficr ~ten ting. 
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Table Ill. Air plethysmogr-aphy data 

n = S!;J 

Eje<.1:ion volume 
Venous volume 

Prestnzt 

68 (4 287) 
49(1215) 
13 (0 128) 

Poststent 

(F} (6 302) 
48 (0 192) 
12 (0 153) 

9S% ConlJdenc.- interval P value 

.ooor 

.0001• 
Ri..-sidual volume fracti<ln 
Ejection fraction 50.7 (4 118.8) 53.4 (2 128.1) 

6.14, .l.39 
7.12, .2.21 
3.00, 0.07 
0.96, 5.11 

-~ 
.0005° 

"Signific.tnt. 

will rai,;e enough from energy conversion to overcome the 
highest of the three impediments to flow ( no additi,·e effh-c) 
as illLL'itrated in Table I. There is a ceiling on how high the 
pressure can rise in the re~nng limb. That ceiling is the pre
vailing capillary pres.,;ure, which represents all of the fluid 
energy available. Only ,·a..<;odilatation ( relaxation of precapil
lary sphincters) can allow for additional fluid energy in the 
resting limb. 

There are no collaterals or heart pump in the flow 
model. Collaterals may moderate the described pres.<;ure 
changes as they ti.u1etio11 as pres.'iure relief (surge) ,·alves,21 

opening up only after a set prcs.<;ure is exceeded. After iliac 
vein stenting, collaterals often dramatically ~disappear," 
indicating that higher pres.'iure had prevailed de~-pite collat
eral function. The influence of abdominal pressure on 
collateral<; is unknown. There is no heart pump in the 
model. It can increase or decrease central venous prcs.'iure. 
However, there will be opposite eltects in the periphery. 
The model does not allow for modulation of microcircula
tion by precapillary sphincters. 

l11t: duplex findings shmv that there is decompression 
of the common femor-al ,·ein (meaning lowen.·d pressure) 
ti:>llowing iliac vein stenting. This is evident in the supine 
and ere<."t positions. We have pre,iously shown that supine 
foot venous pres.'iure decreases after iliac vein stenting.20 

In the ere'-"t position, peripheral venous decompression 
will be less evident as a gravity component of about 70 to 
85 mm Hg is superimposed on rci.1:ing venous pressure at 
the calf and foot levels, respectively. Therefore, AI'G 
measures W in the erect position at a higher point in the 
volume pres.~ure curve, which is sharply nonlinear (much 
less unit volume per unit pressure than in supine). Never
thclcs.~, a small but significant improvement in \IV was 
noticed (Table Ill). We interpret this as rci.1:oration of 
venous tone not only from decompres.~ion but also from 
improved calf function (ejection volume, ejection fraction, 
residual volume &action) from unob!>tructcd iliac vein 
flow. Resting venous flow rate (volume flow/minute) 
remains unchanged after stenting both in the supine and 

Table IV. Ocdusiw plethysmography data 

n= 110 

Ancrial inflow, mL/min 
Duration to plateau, seconds 
Outflow fraction 1 second, % 
Outflow fra<.1:ion 2 seconds, % 

Prrstmt 

2 (0.03 16.2) 
55 (0.7 396) 

37.5 (3 86) 
67 (7 131) 

erect position~ ( ic, the same volumc of flow per minute i~ 
carriLtl through a smaller aggregate flow channel at a lov.·er 
pressure but fustcr vdocity). Outflow fractions (Table Ill), 
which are volun1t:tric rate ,if flow indice5 in the supine posi
tion, remain unchanged in confim1ation. Phasic flow 
volume, which takes into accmmt duration of flow during 
the respir-atory cycle, is increased in the erect poi.ition 
\\ith pos.,;ibly a trend (nonsignificant) in the supine position. 
The phasic flow increase in the erect position is related to 
prolongation of the flow pha..,;c (T). A~suming an 18/ 
minutt· respiratory rate, the respiratory flow phase is about 
2 seconds flow, with I second ces.'iation in the erect position 
beti:>re stenting (Table II). In the supine position, inspir-a
tory flow occurs much longer (2.7 seconds) ,.,,ith a very brief 
ces.'l:ltion of only "='0.3 seconds, u·hich is one-third of the 
erect value. T increases significantly in the erect but not 
supine position after iliac ,·ein stcnting. Nevertheless, the 
ratio of erect to supine flow parameters (arteriolar-venous 
reflux) remained unchanged after venous stenting. Thi~, 
however, relates only to postural velocity changes. Postur-al 
change in pressure component of flow was not measured 
and is not measurable because it is obscured by the gra,ity 
comp011t:nt in the erect position. 

The quei.-rion arises whether iliac ,·ein stenting increases 
arterial inflow. There is no increase in the supine arterial 
inflow measured by occlusion plethysmography (Table IV) 
after stenting. Erect measurements wen: not taken. ror 
rea'ions mentioned belo,v, it seems likely that increment in 
venous phasic flow ,·olwne is due to rearr-angement of pres
sure and flow components (and possibly recruitment of 
prior collateral flow) rather than a true increase in arterial 
inflow. 

The arterial flow (hence, pre s.'iure) to the postcapillary 
,·e1mles is primarily set by the precapillary sphincters in 
response to local tissue metabolism.11 There is a view 
that the arterial and ,·enous circulations arc separated by 
a "vascular waterfall" at the capillary lcvcl.22.23 Like in 
a waterfall, the river level at the bottom \\ill have little influ
ence 011 the waterfall discharge. Even if there i~ no sud1 

Pomunt 

2 (0.5 10) 
54 (2.4 342) 
39 (8 92) 
70(14128) 

P value 

.23 

.92 

.69 

.56 
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waterfall break, venous stcnoses are in tandem with the 
powerful precapillary constrktors. In line with flow princi
ples across tandem stenosis, 13 such venous stenosis ·will 
have very little influence on arterial inflow unles.~ the resis
tance of the venous stenosis exceeds that of the precapillary 
sphincters. BecaLL~e of the large network of veins, this only 
happens rarely (phlcgmasia cerula dolens, for example). 
Iliac vein stenting for chronic steno.o;es therefore \\ill only 
have a minor impact, if any, in improving arterial inflow. 

On assuming orthostasis, the precapillary sphincters 
undergo powerful vasoconstriction23

,24 to maintain ho
mern,1:asis. As a result, arterial inflow is reduced from supine 
level~,24 ·which is reflected in hahing of the common 
frmoral vein phasic flow from supine to erect (Table II). 
The marked reduction in rate of flow and phasic flow dura
tion (T) ·when erect is likely due to this as well. There is 
e,idence that orthostatic venous pressure increase triggers 
the arteriolar constriction (wnoarteriolar reflux).25.26 Thc 
dose-response curve, however, appears highly non-linear.24 

The venous pres.~ure reduction after iliac vein stenting is 
dwarfed by the gra\·ity component in the erect position, 
and therefore appears unlikely to relieve the arteriolar va.~o
constri'-1:ion to increase arterial inflow. 

The experimental and clinical finding.~ suggest that the 
main effect of iliac vein stenting is \'enous decompression, 
\\ith secondary changes in the character of the flow pattem 
likely due to reapportioning between pressure and velo'-ity 
components of flow energy. 

The authors \\i~h to acknowledge helpful re,iew of the 
biomechanical aspects of this manuscript by Roger D. 
Kamm (.MIT), Geert Schmid-Schonbein (UCSD), and 
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