














original articles assessing RAO and/or UAO8–119 were
deemed eligible for our meta-analysis, of which 99 cohorts
from 92 studies publishing RAO8–99 and 25 cohorts reporting
UAO were analyzed28,40,73,75,85,100–119 (Tables S2 and 3).

In total, the included studies analyzed 46 631 subjects. All
studies were published since 1989. Sample sizes ranged from
3102,108,110–112 to 9609 individuals.60 The quality of the
included studies reporting RAO was assessed by using the
Newcastle–Ottawa scale (Table S1). Overall, the majority of
studies had a score of 6, whereas 5 studies had a score of 8.

Meta-Analysis

Overall arterial occlusion

The overall rate of RAO was 5.2% (95% CI, 4.4–6.0%; Q=812.5;
I2=87.9; 99 cohorts). The overall rate of UAO was 4.0% (95%
CI, 2.8–5.8%; Q=50.2; I2=62.2; 20 cohorts). There was no
significant difference between the overall RAO and UAO rates
(P=0.171; Figure 2). For these calculations, a mean of early
and late occlusion was introduced in analysis when both were
reported in a study.

Early and late arterial occlusion

When only early occlusion was considered, the rate of early
RAO was nonsignificantly higher than the early UAO (5.6%;
95% CI, 4.7–6.5; 82 cohorts versus 3.4%; 95% CI, 2.0–5.7%,
15 cohorts; Q=3.08, P=0.079 between groups). There was no

difference between late RAO and late UAO rates (5.1%; 95%
CI, 4.2–6.2, 42 cohorts versus 4.8%; 95% CI, 2.9–7.8; 7
cohorts; Q=0.049; P=0.83). In the 27 studies reporting both
early and late occlusion, the early combined occlusion rate
(RAO or UAO) was significantly higher than the late combined
occlusion rate (7.7%; 95% CI, 6.6–8.9 versus 4.8%; 95% CI,
3.9–5.8; P<0.001 for comparison between early and late
occlusion; Figure 3). This difference was confirmed when the
24 studies reporting early and late RAO were analyzed, after
the 2 studies reporting UAO were excluded.40,109

Effect of anticoagulation intensity

The overall rate of RAO (early, late, or combined) was
significantly higher in the 24 studies using low-dose UFH
compared with the 57 studies using high-dose UFH (7.2%;
95% CI, 5.5–9.4 versus 4.3%; 95% CI, 3.5–5.3; Q=8.81;
P=0.003 between groups), with a mean of early and late RAO
being introduced in analysis when both reported (Figure 4).
Similarly, when only early RAO was considered, the rate of
early RAO was significantly higher in the 21 cohorts using low-
dose UFH (8.0%; 95% CI, 6.1–10.6) compared with the 45
cohorts using high-dose UFH (4.4%; 95% CI, 3.5–5.5;
Q=10.69; P=0.001 between groups). In contrast, when late
RAO was analyzed, the rate of late RAO was similar between
the 12 cohorts of low-dose UFH (5.4%; 95% CI, 3.7–7.8) and
the 21 cohorts of high-dose UFH (5.0%; 95% CI, 3.6–6.8;
Q=0.11; P=0.745 between groups; Figure 4).

Figure 2. Overall rates of radial and ulnar occlusions. The diamonds and their width represent the pooled
rates and the 95% CI (confidence interval), respectively.

Figure 3. Rates of early vs late arterial occlusions (combined radial and ulnar occlusions) in studies
reporting both early and late occlusions. Diamonds and their width as in Figure 1. CI indicates confidence
interval.
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Analysis of the 5 randomized studies specifically designed
to address the impact of high versus low UFH dose on RAO
showed that high UFH was accompanied by a significantly
lower rate of RAO (3.7%; 95% CI, 1.8–7.7) compared with low
UFH (9.6%; 95% CI, 4.9–17.9; Q=3.57; P=0.05 between
subgroups with random-effects model; Figure 5).

Stratified Analysis According to Procedural
Characteristics
The rate of combined RAO was significantly higher in the 50
cohorts that used Doppler for RAO diagnosis compared with
the 31 cohorts using palpation of the radial artery (6.4%; 95%
CI, 5.3–7.7 versus 3.8%; 95% CI, 2.9–4.9; Q=10.35; P=0.001;
Figure 6). When only early RAO was considered, the rate of
RAO was higher in the 38 cohorts that used Doppler
compared with the 30 cohorts that used palpation only
(6.7%; 95% CI, 5.4–8.3 versus 4.3%; 95% CI, 3.3–5.5; Q=6.77;
P=0.009). On the other hand, there was no difference in late
RAO between the 25 cohorts using Doppler and the 10
cohorts using palpation (5.8%; 95% CI, 4.5–7.4 versus 4.3%;
95 CI, 2.9–6.3, Q=1.67; P=0.196). Use of Barbeau’s test was
not associated with a difference in detection of the combined
(early and late) RAO (5.7%; 95% CI, 4.0–8.1 in the 16 cohorts

that used Barbeau’s test versus 4.9%; 95% CI, 4.1–6.0 in the
64 cohorts that did not use Barbeau’s test; Q=0.46; P=0.49).
There was no significant difference in the overall rate of
arterial occlusion between the 16 studies (14 RAO studies
and 2 UAO study) using patent hemostasis compared with the
78 studies using occlusive hemostasis (5.3%; 95 CI, 3.7–7.5
versus 5.3%; 95% CI, 4.5–6.3, Q=0.0; P=0.99; Figure 6). The
overall rate of RAO (early and late) was higher in the 27
studies done in patents undergoing CAG compared with the
40 PCI studies in which more-intense anticoagulation was
used (5.9%; 95% CI, 4.5–7.7 versus 4.0; 95% CI, 3.0–5.2;
Q=3.87; P=0.049; Figure 6). This difference was driven by the
early RAO (6.8%; 95% CI, 5.1–9.1 in the 23 CAG studies
versus 4.3%; 95% CI, 3.1–5.8 in the 32 PCI studies; Q=4.68;
P=0.031). The size of sheath had no impact on the combined
RAO and UAO occlusion frequency (5.8%; 95% CI, 4.6–7.3 in
the 33 studies using sheaths ≤5 Fr versus 5.5%; 95% CI, 4.5–
6.8 in the 43 studies using >5 Fr; Q=0.088; P=0.77;
Figure 6).

Subgroup Analysis According to Study Design
In the 37 studies reporting RAO as a primary end point, the
rate of combined RAO was significantly higher (7.1%; 95% CI,

Figure 4. Effect of intensity of anticoaggulation on radial occlusion rate in unselected (randomized and
observational) studies. Diamonds and their width as in Figure 1. CI indicates confidence interval.
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5.8–8.8) compared with the 62 studies reporting RAO as a
secondary end-point (4.2%; 95% CI, 3.5–5.1; Q=13.58;
P<0.001; Figure 7). The rate of RAO was numerically higher,
but statistically nonsignificant, in the 55 observational studies
compared with the 43 randomized studies reporting rates of
RAO (5.7%; 95% CI, 4.6–7.1 versus 4.5%; 95% CI, 3.6–5.7;
Q=2.16; P=0.142; Figure 7). There was no significant differ-
ence in the overall rate of RAO between the 13 studies done
in the United States (4.5%; 95% CI, 2.8–7.0) and the 86 non-
US studies (5.3%; 95% CI, 4.5–6.2; Q=0.468; P=0.494;
Figure 7).

Analysis of Continuous Variables
Univariable metaregression analysis showed that mean age at
study level was not a predictor of arterial occlusion when both
RAO/UAO and early/late occlusions were analyzed (Z=1.37;
P=0.17 by meta-regression of 122 cohorts). In contrast, there
was a weak positive relationship between early RAO and age
(Z=2.55; P=0.011 in 79 cohorts). There was not an associ-
ation between duration of procedure and early RAO (Z=�1.09;
P=0.27).

Publication Bias
The funnel plots for the overall (early and late) RAO rate was
slightly asymmetric to the left, indicating minor bias and
possible unpublished or undiscovered studies with a high

arterial occlusion rate (Figure 8). The trim-and fill method
imputed 26 theoretically missing studies and recalculated our
pooled risk estimate. The imputed RAO rate (6.9%; 95% CI, 5.8–
8.1) was not substantially different from the initial estimate,
suggesting the absence of significant publication bias.

Discussion

Main Findings
This meta-analysis in 46 631 patients found that the crude
unadjusted rates of RAO and UAO rates were similar,
relatively low and in the order of 4% to 6%. Incident arterial
occlusion was variable, being highest in the order of 7% to 8%
in studies with patients on less-intense anticoagulation; in
early as compared with delayed assessment of vessel
patency; in patients undergoing diagnostic angiography
compared to angioplasty; in studies having the frequency of
arterial occlusion as a primary end point; and in reports
utilizing vascular ultrasonography to detect this kind of
complication. Notably, the upper 95% CI for early RAO on low-
heparin dose was 10.6% in the current meta-analysis,
revealing that every tenth patient may be at risk for forearm
artery occlusion if not appropriately anticoaggulated during
and after a transradial coronary procedure. Recent publica-
tions confirm the difficult challenge encountered by the
transradial interventionalists to maintain postprocedural fore-
arm artery patency with ranging frequencies between 9.24%

Figure 5. Effect of intensity of anticoaggulation on radial occlusion rate in randomized studies. Squares
indicate the occlusion rate and lines indicate the respective 95% confidence interval (CI). The size of the
squares corresponds to the number of subjects in each study. Diamonds and their width as in Figure 1.
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of ultrasonography-detected late RAOs using the patent
hemostasis technique (56 of 606 patients)89 and 25% of
clinically detected RAOs with low-dose heparin.92 Analysis of
observational studies showed a benefit of higher heparin
dose in terms of forearm artery patency, which was also
confirmed after analyzing 5 small randomized, controlled
trials49,80,81,84,92 specifically designed to address this issue.
We found no geographical disparity of RAO/UAO frequency.
Catheter size and procedural duration had similarly no impact
on arterial occlusion rates.

Anticoagulation
In observational studies, several independent risk factors for
RAO have been identified; yet anticoagulation appeared only
inconsistently to predict RAO.47,51,81,91,92,117 In 1 report, a 1%
reduction of RAO per 1-IU/kg heparin dose increase has been
suggested.117 Randomized, control trials and pooled 1-center
data have indicated some benefit of “standard” (ie, 5000 IU)
over low (ie, usually 2000–2500 IU) heparin dose, but have
been inconclusive because of inadequate statistical
power.49,80,81,84,92 By considering both observational reports

and randomized studies, this meta-analysis elucidates the
advantage of higher anticoagulation intensity. The fact that
larger versus smaller sheath sizes were not associated with
higher forearm artery occlusions and that the longer-lasting
PCI was associated with lower occlusion rates versus CAG
may demonstrate a possible protective effect of a more-
intensive anticoagulation regimen used in PCI over CAG.
Whether antiplatelet therapy in PCI decreases further the risk
of arterial occlusion remains hypothetical. In 1 study, no such
favorable antiplatelet effect was evident.80 Data from the study
of Uhlemann et al59 confirmed a higher than 2-fold RAO
incidence with 6-Fr as opposed to 5-Fr catheters in CAG
patients having received 2500 heparin units. An ongoing study
(ClinicalTrials.gov Identifier: NCT02570243) comparing stan-
dard dose with high heparin dose may clarify the uncertainty
with regard to heparin requirements in transradial CAG.

Early and Late Occlusion Rates
This meta-analysis confirms the prevailing belief of signifi-
cantly lower late over early RAO and UAO rates. This finding
may suggest late recanalization in a minority of patients as a

Figure 6. Effect of procedural characteristics on radial occlusion rates. Diamonds and their width as in
Figure 1. CAG indicates coronary angiography; CI, confidence interval; PCI, percutaneous coronary
intervention.
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result of the disease natural history. Additionally, short-term
anticoagulation with low-molecular-weight heparins may
facilitate the delayed patency of the artery in some patients
with early RAO.27,46,52,59 This observational data provide
further indirect evidence regarding the beneficial effect of
anticoagulation on forearm vessel patency, but this has not
been formally tested in a randomized, control trial. Interest-
ingly, late RAOs not detected in the early phase have also
been reported.54,87

Methods to Detect Arterial Patency
Ultrasonography demonstrated clear superiority over clinical
evaluation with respect to RAO and UAO detection rates.
Absence of flow on Doppler ultrasonography along with the
simultaneously obtained anatomic information (eg, thrombus
delineation)18,19,21,46,89,91,96,98 appears as a straightforward
detection technique of RAOs and UAOs. In this regard, the
predictive accuracy of solely anatomic stenosis20 or partial
flow46,92 remains to be established. Clinical methods (ie,
arterial palpation) have been associated with both false-
negative and false-positive findings attributed to low blood
pressure, local edema and hematoma, subocclusive wall
thrombus and trauma, remaining postprocedural tissue com-
pression, as well as retrograde perfusion from the

contralateral forearm artery. For example, although palpation
appears to overestimate RAOs,66,94,95 one fifth to one third of
patients with ultrasonographically documented RAOs may
demonstrate palpable radial artery.59,94 Notably, the ulnar
artery poses additional difficulties in determining patency
status with palpation as a result of its deeper course
compared with the radial artery.117 Whether strategies for
the accurate detection of RAOs and UAOs (such as the
utilization of the Barbeau’s test or ultrasonography once
clinical evaluation indicates RAO/UAO) are sufficient remains
hypothetical. Such strategies were reported in many of the
studies in the current meta-analysis.* In this context, and
while future systematic investigations on this topic are
awaited, our meta-analysis reinforces the role of ultrasonog-
raphy as a reliable and probably indispensable detection
method.

Patent Hemostasis
Similar occlusion rates between patent hemostasis and all
other applied hemostatic techniques, including simple com-
pression bandage, should not be interpreted as a failure of

Figure 7. Effect of study design characteristics on radial occlusion rates. Diamonds and their width as in
Figure 1. CI indicates confidence interval.

*References 8, 17, 24, 30, 33, 34, 43, 44, 47, 52, 58, 67, 90, 92, 95.
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patent hemostasis. Whether meticulously carried out or not,
patent or patent-like hemostasis was reported in only 16
studies,† most of which comprised predominantly older
studies with diverse designs and end points. Although patent
hemostasis has shown clear superiority in the pioneer work of
Pancholy et al,30 additional studies elucidating feasibility and
other practical issues of this technique are needed. In a very
recent work an impressive reduction of RAO has been
documented after meticulous patent hemostasis protocol and
additional compression of the contralateral UA,120 thereby
confirming a smaller study with similar design.95

Clinical Implications
Even the short-lasting CAG appears not to be just a “simple”
procedure in terms of forearm artery occlusion. Interestingly,
our analysis showed an average occlusion rate of �6% (with

higher 95% CI at �8) after diagnostic angiography, which may
result from less-intense-than-required periprocedural heparin
administration, arterial spasm, longer procedures, multiple
attempts for arterial access, etc.80,94,117 Maintenance of
radial artery and ulnar artery patency should become a target
of highest priority in interventional cardiology. Ideally, inter-
ventionalists should have adequate experience on forearm
procedures with low crossover rates, avoid and timely treat
spasm,104 administer at least 5000 heparin units for CAG,3

apply hemostasis after sheath removal according to the
“patent artery principle,”1,30 and evaluate patients with
ultrasonography in the short term with late re-evaluation
when RAO or UAO was initially present.1

Limitations
The main limitation of the current meta-analysis is the lack
of individual patients’ data that would allow identifying
independent predictors of forearm artery occlusions. An
additional limitation is the inclusion of studies with substan-
tial diversity of protocols and designs as well as the lack of
rigorous, large-scale, randomized, control trial, thereby
increasing the impact of the observed heterogeneity on the
results. Finally, very few studies have reported time to
achieve hemostasis depending on anticoagulation level; thus,
we were unable to reach conclusive evidence on the trade-
off of possible very long hemostasis time in patients on
higher heparin dosage.

Conclusions
Incident RAO and UAO following coronary procedures is
similar and relatively low, ranging between 5% and 8%, with
occlusion rates being higher when the forearm arteries are
evaluated early with ultrasonography. Higher anticoagulation
levels are protective and probably neutralize the aggravating
effects of larger sheath size and long-lasting coronary
interventions. Ultrasonography appears as a first-line tool,
but the simpler Barbeau’s test may be equally useful in
evaluating arterial patency. Studies elucidating the possible
beneficial effect of angioplasty-equivalent heparin dosage for
CAG and exploring the potential impact of procedural factors
on arterial occlusion are currently warranted.

Disclosures
None.
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Table S1. Quality score of studies using the Newcastle - Ottawa scale (NOS) 
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That Outcome of 

Interest Was Not 

Present at Start 
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Design or 
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of Follow 

Up of 

Cohorts 

 

NOS Score 

Campeau (1) 

1989 

(Canada) 

1 0 1 1 0 1 1 1 6 

Otaki (2) 

1992 

(Japan) 

0 0 1 1 0 0 1 0 3 

Kiemeneij (3) 

1994 

(The Netherlands) 

 

1 0 1 1 0 1 1 1 6 

Lotan (4) 

1995 

(Israel) 

1 0 1 1 0 1 1 1 6 

Kiemeneij (5) 

1995 

(The Netherlands) 

 

0 0 1 1 0 1 1 1 5 

Spaulding (6) 

1996 

(France) 

1 0 1 1 0 1 1 1 6 

Kiemeneij (7) 

1997 

(The Netherlands) 

1 0 1 1 0 0 1 0 4 

Chatelain-CAG (8) 

1997 

(Switzerland) 

1 0 1 1 0 1 1 1 6 
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Chatelain-PCI (8) 

1997 

(Switzerland) 

1 0 1 1 0 1 1 1 6 

Kiemeneij (9) 

1997 

(The Netherlands) 

1 0 1 1 1 1 1 1 7 

Stella (10) 

1997 

(The Netherlands) 

1 0 1 1 0 1 1 1 6 

Saito (11) 

1999 

(Japan) 

1 0 1 1 0 1 1 1 6 

Saito (12) 

1999 

(Japan 

1 0 1 1 0 1 1 1 6 

Nagai (13) 
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(Japan) 

1 0 1 1 0 1 1 1 6 

Wu (14) 

2000 

(USA) 
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Pillay (15) 

2000 

(Malaysia) 

1 0 1 1 0 1 1 1 6 

Brito (16) 
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(Brazil) 

1 0 1 1 0 1 1 1 6 

Dahm-5Fr (17)  

2002 

(Germany) 

1 0 1 1 0 1 1 1 6 
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1 0 1 1 0 1 1 1 6 

Bagger (18) 

2005 

(Denmark) 

1 0 1 1 0 1 1 1 6 
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Kim (19) 

2005 

(Korea) 

1 0 1 1 0 1 1 1 6 

Venkatesh-CAG (20) 

2006 

(USA) 

0 0 1 1 0 1 1 1 5 

Venkatesh-PCI (20) 

2006  

(USA) 

0 0 1 1 0 1 1 1 5 

Aptecar-RA (21)  

2006 

(France) 

1 0 1 1 0 1 1 1 6 

Sanmartin (21) 

2007 

(Spain) 

1 0 1 1 0 1 1 1 6 

Pancholy-PH (23)  

2008 

(USA) 

1 0 1 1 0 1 1 1 6 

Pancholy-conventional 

(23) 

2008 

(USA) 

1 0 1 1 0 1 1 1 6 

Takeshita (24)   

2008 

(Japan) 

0 0 1 1 0 1 1 1 5 

Kindel-CAG (25) 

2008 

(Germany)  

1 0 1 1 0 1 1 1 6 

Kindel-PCI (25) 

2008 

(Germany) 

0 0 1 1 0 1 1 1 5 

Yan (26)    

2008 

(China) 

1 0 1 1 0 1 1 1 6 

Cubero (27) 

2009 

(Spain) 

1 0 1 1 0 1 1 1 6 

Pancholy (28) 

2009 

(USA) 

1 0 1 1 0 1 1 1 6 
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Pancholy (29)   

2009 

(USA) 

1 0 1 1 0 1 1 1 6 

Brueck (30) 

2009 

(Germany) 

1 0 1 1 0 1 1 1 6 

Yan (31) 

2010 

(China) 

1 0 1 1 0 1 1 1 6 

Schiano (32)   

2010 

(France) 

1 0 1 1 0 1 1 1 6 

Li (33) 

2010 

(China) 

1 0 1 1 0 1 1 1 6 

Caussin (34) 

2010 

(France) 

1 0 1 1 0 1 1 0 5 

From (35) 

2010 

(USA) 

0 0 1 1 0 1 1 1 6 

Mamas (36) 

2010 

(UK) 

1 0 1 1 0 1 1 1 6 

Mizuno (37) 

2010 

(Japan) 

0 0 1 1 0 1 1 1 5 

Plante-CAG & heparin 

(38) 

2010 

(Canada) 

1 0 1 1 0 1 1 1 6 

Plante-PCI & 

bivalirudin (38) 

2010 

(Canada) 

1 0 1 1 0 1 1 1 6 

Zankl (39) 

2010 

(Germany) 

1 0 1 1 0 1 1 1 6 
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Rathore (40)  

2010 

(UK) 

1 0 1 1 0 1 1 1 6 

Feray (41)  

2011 

(Turkey) 

0 0 1 1 0 1 1 1 5 

Bernat-LD (42) 

2011 

(Czech Republic) 

1 1 1 1 1 1 1 1 8 

Bernat-SD (42) 

2011 

(Czech Republic) 

1 1 1 1 1 1 1 1 8 

Egred (43) 

2011 

(UK) 

1 0 1 1 0 1 1 1 6 

Politi -1 (44) 

2011 

(Italy) 

0 0 1 1 0 1 1 1 5 

Politi -2 (44) 

2011 

(Italy) 

0 0 1 1 0 1 1 1 5 

Politi -3 (44) 

2011 

(Italy) 

0 0 1 1 0 1 1 1 5 

Singh (45) 

2011 

(USA) 

1 0 1 1 0 1 1 1 6 

Chiam  (46) 

2001 

(China) 

1 0 1 1 0 1 1 1 6 

Youn (47) 

2011 

(Korea) 

0 0 1 1 0 1 1 1 5 

Park (48) 

2012 

(Korea) 

1 0 1 1 0 1 1 1 6 

Honda (49) 

2012 

(Japan) 

1 0 1 1 0 1 1 1 6 
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Pancholy (50) 

2012 

(USA) 

1 0 1 1 0 1 1 1 6 

Pancholy (51) 

2012 

(USA) 

1 0 1 1 0 1 1 1 6 

Uhlemann (52) 

2012 

(Germany) 

1 0 1 1 0 1 1 1 6 

De Andrade (53) 

2012 

(Brazil) 

1 0 1 1 0 1 1 1 6 

Beyer (54) 

2013 

(USA) 

0 0 1 1 0 1 1 1 5 

Tewari (55) 

2013 

(India) 

1 0 1 1 0 1 1 1 6 

Tuncez (56) 

2013 

(india) 

1 0 1 1 0 1 1 1 6 

Chung (57) 

2013 

(India) 

1 0 1 1 0 1 1 1 6 

Kotowycz (58) 

2014 

(Canada) 

1 0 1 1 0 1 1 1 6 

Tumscitz (59) 

2014 

(Italy) 

1 0 1 1 0 1 1 1 6 

Yurtdas (60) 

2014 

(Turkey) 

1 0 1 1 0 1 1 1 6 

Amininian (61)  

2014 

(Belgium) 

1 0 1 1 0 1 1 1 6 

Marcovic ( 62) 

2014 

(Germany) 

1 0 1 1 0 1 1 1 6 
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Hu (63) 

2014 

(China) 

1 0 1 1 0 1 1 1 6 

Pancholy (64) 

2014 

(USA) 

1 0 1 1 0 1 1 1 6 

Takeshita 4-Fr (65) 

2014 

(Japan) 

0 0 1 1 0 1 1 1 5 

Takeshita 6-Fr (65) 

2014 

(Japan) 

0 0 1 1 0 1 1 1 5 

Geng (66)   

2014 

(China) 

1 0 1 1 0 1 1 1 6 

Buturak (67) 

2014 

(Turkey) 

1 0 1 1 0 1 1 1 6 

Liu (68) 

2014 

(China) 

1 0 1 1 0 1 1 1 6 

Dharma (69) 

2015 

(Indonesia 

India) 

1 0 1 1 0 1 1 1 6 

Cong PD (70) 

2015 

(China) 

1 0 1 1 0 1 1 1 6 

Cong PC (70) 

2015 

(China) 

1 0 1 1 0 1 1 1 6 

Cong RC (70) 

2015 

(China) 

1 0 1 1 0 1 1 1 6 

Lisowka (71) 

2015 

(Poland) 

1 0 1 1 0 1 1 1 6 

Carg (72) 

2015 

(India) 

1 0 1 1 0 1 1 1 6 
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