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Abstract

Several studies have reported that taller individuals are at greater risk of venous thromboembolism
(VTE). We hypothesized that longer leg length would be positively associated with incident VTE,
and would explain the height association. LITE ascertained VTE in a prospective population-
based sample of 21,860 individuals aged 45 and older. Leg length was measured as standing
height minus sitting height. Cox regression models were adjusted for age, race, sex, waist
circumference, diabetes, and factor VIII. To evaluate whether leg length was associated with VTE
risk independent of height we standardized leg length and height per 1 standard deviation (SD),
and then included them simultaneously in Cox regression models. A total of 641 incident VTE
cases accrued over a median follow-up of 16 yrs. Participants in the highest quintile of leg length
were at 59% (95% CI: 22%-108%) greater risk of VTE, relative to the lowest quintile. For height,
risk was 45% (12%-88%) greater for those in the highest quintile, compared to the lowest. When
leg length and height were modeled simultaneously leg length remained associated with VTE risk
(HR per 1 SD: 1.21 (1.04-1.40) while height was unrelated (HR per 1 SD: 1.00 (0.86-1.16). To
conclude, participants with longer legs were at greater risk of incident VTE, and leg length
explained the relation of height to VTE. It remains to be established whether this finding is due to
greater venous surface area, a larger number of venous valves, or greater hydrostatic pressure
among individuals with longer legs.
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Introduction

Venous thromboembolism (VTE) is associated with significant morbidity and mortality,
with an incidence of approximately 1 per 1,000 person-years and a case-fatality rate of about
10%(1-3). Recently, several cohort studies reported that height is positively associated with
VTE risk(3-8). In general, individuals in the greatest quantile of height were at about 1.5 to
2 times greater risk of VTE than those in the lowest height quantile. Possible physiologic
explanations include taller people having greater venous surface area or more venous valves
where a thrombus could occur, and/or greater hydrostatic pressure(9, 10). Along with the
fact that most VTE originate in the legs, these explanations would lead to a hypothesis that
leg length is the important factor rather than simply height.

Although a number of recent studies reported the association of height with risk of
VTE(3-8), it is unknown whether leg length is specifically associated with VTE risk, or
whether leg length is the reason for an association of height with VTE. Using LITE data, we
further studied the association of height with VTE risk by evaluating the relation of leg
length to risk of VTE. We hypothesized that leg length would be positively associated with
risk of incident VTE, and would explain the height association. We also hypothesized that
torso length would be unrelated to VTE risk.

Materials & Methods

Study Design

The Longitudinal Study of Thromboembolism Etiology (LITE) is a prospective study of
VTE occurrence in two population-based cohorts: the Atherosclerosis Risk in Communities
(ARIC) study(11) and the Cardiovascular Health Study (CHS) (12, 13). Extensive
cardiovascular disease risk factor information was collected in both studies, generally in a
similar fashion, using standard measures. Local institutional review boards approved the
study protocols, and all participants gave informed consent.

The ARIC study is a multi-center population-based prospective cohort study investigating
the etiology and natural history of atherosclerosis in middle-aged adults(11). Participants

were recruited from four US communities: Forsyth County, NC; Jackson, MS; suburbs of
Minneapolis, MN; and Washington County, MD. The study cohort included 15,972 white
and black men and women aged 45-64 years at baseline, in 1987-1989.

CHS is a population-based longitudinal study of coronary heart disease and stroke in adults
aged 65 years and older(12, 13). A total of 5,201 men and women sampled from Medicare
eligibility lists were recruited in 1989 to 1990 from four U.S. communities: Forysth County,
NC; Sacramento County, CA; Washington County, MD; and Pittsburgh, PA. An additional
687 African-American participants were recruited from 1992 to 1993.

Exposure & Covariate Assessment

Age, sex, and race were self-reported. Anthropometrics were taken with participants dressed
in light clothing and without shoes. Standing height was measured using a wall-mounted
ruler. Seated height was measured with the participant seated on a stool against a wall-
mounted ruler. Trunk length was estimated as seated height minus stool height. Leg length
was estimated as standing height minus trunk length. Weight was quantified using a balance
scale. Waist and hip circumferences were measured to the nearest centimeter with the
participant standing; waist circumference at the level of the umbilicus, and hip
circumference at the maximum protrusion of the gluteal muscles. Height and circumference
measurements were to the nearest centimeter in ARIC, and nearest half-centimeter in CHS.
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Prevalent diabetes was defined as fasting blood glucose =126 mg/dL, nonfasting blood
glucose 2200 mg/dL, physician diagnosis of diabetes, or being on diabetes medication.
Factor V111 was assessed at baseline soon after phlebotomy, using published methods(14,
15).

VTE Identification and Classification

ARIC participants were contacted annually by telephone or through clinic visits, and CHS
participants were contacted twice a year, alternating clinic visits and telephone calls.
Hospitalizations were identified by participants or proxy reports in both ARIC and CHS, by
surveillance of local hospital discharge lists in ARIC, and by a search of Medicare records in
CHS. For each hospitalization identified, all ICD-9-CM discharge codes were recorded.

All records with ICD-9-CM codes indicating possible VTE (415.1x, 451, 451.1x, 451.2,
451.8%, 451.9, 453.0, 453.1, 453.2, 453.8, 453.9, 996.7x, 997.2, and 999.2, and procedure
code 38.7) were identified, copied, and independently reviewed by two physicians (ARF and
MC) (16). Deep vein thrombosis (DVT) was defined on the basis of duplex ultrasound or
venogram or, in rare cases, by impedance plethysmography, computed tomography, or
autopsy. Definite PE required ventilation/perfusion scanning showing multiple segmental or
subsegmental mismatched perfusion defects, or a positive pulmonary angiogram, computed
tomography, or autopsy(16). Events were further classified as idiopathic or secondary
(occurring within 90 days of major trauma, surgery, hospitalization, or marked immobility
or associated with active cancer or chemotherapy). Incident VTE was defined as the first
occurrence of validated deep-vein thrombosis or pulmonary embolism from baseline
through the end of follow-up; December 31, 2005 for ARIC and December 31, 2001 for
CHS.

Statistical Analysis

Excluded from the analysis were participants who at baseline self-reported prevalent VTE (n
= 630), were taking anticoagulants (n = 185), or had missing sitting height data (n = 142),
resulting in an analytic dataset of 20,773 participants. Baseline characteristics of the
participants were described using means and proportions, stratified by sex-specific leg
length quintile. Partial correlation coefficients, adjusted for age, sex, race and study were
computed to describe the interrelation of height, leg length, and torso length.

Cox proportional hazards regression was used to assess the prospective relation between leg
length and incident VTE, with adjustment for pertinent covariates. Person years accumulated
from the participant's baseline exam until incident VTE, death, loss-to-follow-up, or for
ARIC participants the end of 2005, and for CHS participants the end of 2001. Our first
model adjusted for age, sex, race, and study (i.e. ARIC or CHS). Model 2 additionally
adjusted for other VTE risk factors in LITE: waist circumference, diabetes status and factor
VIII level. VTE subtypes (i.e. idiopathic, secondary) were also analyzed as outcomes.
Interactions of leg length with sex, race, and study were evaluated by including cross-
product terms in the VTE models. The proportional hazards assumption was tested by
examining whether the In(-In) survival curves for the leg length quintiles were parallel.
There was no evidence of violation.

Leg length, height, and torso length were represented in a number of ways in the Cox
models. Given the differing range of values between men and women for leg length and
height, sex-specific quintiles and standard deviations were computed. As there was not
statistical evidence of an interaction of the leg length and VTE relation by sex, the sex-
specific quintiles and standard deviations were re-combined. In this way, we evaluated the
relation of leg length and height relative to others of the same gender. The absolute relations
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of leg length and height to VTE risk are also presented, per 5 cm leg length increment, and
10 cm height increment.

To describe the overall relation of leg length, height, and torso length to incident VTE,
hazard ratios (95% CIs) were obtained by entering the quintiles into the models as indicator
variables, using the lowest quintile as the referent. Tests of the linear trend across the
quintiles were conducted by including the quintiles in the models as a continuous term. Two
analytic strategies were used to evaluate whether leg length explained the previously
reported association between height and VTE:

1. Mutual adjustment: We standardized leg length and height per 1 standard deviation,
and then included the standardized variables simultaneously in the models, as
continuous variables. The anthropometric measure with the stronger association, as
determined by its beta coefficient and confidence interval, is more likely to be the
anthropometric measure influencing VTE risk in this analysis. If strong relations
were observed for both leg length and height in the same model, it would imply
that they were independently related to VTE risk.

Model stability may be disturbed if covariates have a high degree of
collinearity(17). Given our intention of including leg length and height in the same
models, we evaluated ‘tolerance’ in order to confirm that including both measures
in the models was reasonable. Tolerance for a variable is defined as 1 — R?, where
RZ is obtained from the regression of the variable on all other regressors in the
model(18). A tolerance of <0.10 was set as the criterion for an unacceptable level
of multicollinearity(19). Our models were deemed acceptable according to the
tolerance criterion.

2. Residual method(20): “Leg length adjusted for height” was computed as the
residuals from a linear regression model with leg length as the dependent variable
and height as the independent variable. The leg length residuals by definition
provide a measure of leg length uncorrelated with height, thereby isolating the
variation in height due to leg length. ‘Leg length adjusted for height” was then
entered into the Cox models as the main exposure variable.

At baseline, the 20,773 LITE participants were on average 59 years old, 45% were male, and
24% African American. Among men, the mean (SD) leg length was 83.9 (4.8) cm and the
mean height was 175.3 (6.7) cm, while in women the mean leg length was 76.5 (4.4), and
height 161.3 (6.3) cm. Participants with longer legs tended to be younger, black, diabetic,
and have a greater mean waist circumference, waist-to-hip ratio, body weight, and factor
VIII level (Table 1). After adjustment for age, race, and study there was no remaining
evidence of a relation between leg length and factor VIII levels in either men (p-trend =
0.32) or women (p-trend = 0.17). Leg length, torso length, and height were highly inter-
correlated, adjusting for age, sex, race, and study: leg length and height r = 0.83; torso length
and height r = 0.73, leg length and torso length r = 0.24 (p<0.0001 for all).

A total of 641 incident VTE events accrued over a maximum follow-up of 19.1 years in
ARIC (median = 16.9 years) and 13.1 years in CHS (median = 11.6). Of the events, 234
(37%) were categorized as idiopathic VTE, and 407 (63%) as secondary VTE.

Separate relations of leg length and height quintiles to VTE

Relations of leg length quintiles, and height quintiles, to incident VTE risk are presented in
Table 2. In demographic-adjusted models, longer legs were associated with greater risk of
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incident VTE (p-trend < 0.0001) as was greater height (p-trend = 0.0003), while torso length
was unrelated (p-trend = 0.19). There was no evidence of interaction by sex, race or study
(ARIC vs. CHS) (Pinteraction > 0.10 for all). Though there was not a statistically significant
interaction, associations tended to be stronger in the ARIC cohort than in CHS.

LITE participants in the highest sex-specific quintile of leg length were at 64% (95% ClI:
27%, 112% greater risk of VTE relative to those in the lowest quintile, after adjustment for
demographics. Additional adjustment for waist circumference, diabetes status, and factor
VI attenuated the relation of leg length to incident VTE only slightly, with participants
with legs in the longest quintile being at 59% (95% CI: 22%, 108%) greater risk.
Associations were somewhat stronger for idiopathic VTE than for secondary VTE, and for
women than for men, despite there not being a statistically significant sex-interaction.
Relations of height quintile to risk of incident VTE followed a pattern similar to those of leg
length quintile and VTE risk, however the magnitudes of associations tended to be smaller
(Table 2). In contrast, there was no evidence to suggest a relation between torso length and
VTE risk. In the fully-adjusted model, the HRs (95% Cls) across increasing quintiles of
torso length were 1.00 (reference), 1.02 (0.79, 1.33), 0.86 (0.66, 1.12), 1.04 (0.81, 1.34),
1.07 (0.81, 1.42); p-trend = 0.62.

Evaluation of whether leg length explains relations between height and VTE

Adjusted for age, sex, race, and study, longer legs were associated with greater risk of VTE
[HR (95% CI) for 1 sex-specific SD] [1.21 (1.11, 1.31)] as was greater height [1.17 (1.08,
1.27)] (Table 3). When leg length and height were modeled simultaneously, per 1 SD,
greater leg length continued to be associated with increased VTE risk [1.21 (1.04, 1.40)]
while height was unassociated [1.00 (0.86, 1.16)]. With additional adjustment for waist
circumference, diabetes status, and factor V111, the relation of leg length to VTE persisted
[1.23 (1.05, 1.44)], while height remained unassociated [0.96 (0.82, 1.11)]. As shown in the
table, results of analyses stratified by sex mirrored those for overall VTE, with both leg
length and height being related to VTE when modeled separately, but only leg length being
associated with VTE when modeled simultaneously.

‘Leg length adjusted for height” was also positively related to VTE risk in models adjusted
for demographics [HR (95% CI) for 1 sex-specific SD (men: 2.86 cm; women 2.79 cm) 1.14
(1.04, 1.26)] and other VVTE risk factors [1.16 (1.05, 1.27)]. Relations were similar between
the sexes, as presented here for the fully-adjusted model: men [1.17 (1.02, 1.35)], women
[1.14 (1.00, 1.31)].

Secondary Analyses

We additionally explored using quintiles based on the entire LITE distribution, rather than
stratified by sex. As expected given the broader range (leg length median Q1 =72 cm,
median Q5 = 87 cm), HRs were larger when leg length was derived from the entire LITE
sample than when created separately by sex. For total VTE, the HR for extreme quintiles of
leg length in the demographic adjusted model was 1.99 (1.43, 2,76), while the HR for the
fully adjusted models was 1.78 (1.28, 2.48).

To make our results comparable to those previously published relating height to VTE, using
a continuous variable we also represented height per 10 cm, and leg length per 5 cm. In the
fully-adjusted model, each 5 cm greater leg length was associated with a HR of 1.20 (1.10,
1.32) in the entire cohort, and of 1.16 (1.01, 1.32) in men and 1.25 (1.10, 1.42) in women.
The fully-adjusted HR for VTE associated with 10 cm greater height was 1.22 (1.07, 1.38)
for all of LITE, while it was 1.12 (0.93, 1.35) in men and 1.30 (1.09, 1.55) in women.
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Lastly, in sensitivity analyses we substituted alternate measures of obesity (i.e. waist-to-hip
ratio, body weight) for waist circumference, and the results were essentially unchanged (data
not shown).

Discussion

In this sample of 20,773 middle-aged and older participants of the LITE study, people with
longer legs and greater overall height were at increased risk of incident VTE, while torso
length was unrelated to VTE risk. After adjustment for VTE risk factors, LITE participants
in the highest quintile of leg length were at 59% greater risk of VTE, relative to their
counterparts in the lowest quintile of leg length. For idiopathic VTE, those in the highest
quintile of leg length were at 86% greater risk, while for secondary VTE those in the highest
quintile were at 45% greater risk. By specifically focusing on the leg length component of
height, which we hypothesized to be the aspect of height physiologically linked to VTE risk,
we were able to more thoroughly scrutinize the height and VTE association. Both analytic
approaches employed suggested that leg length explained the positive relation between
height and VTE risk.

The consistency with which prior cohort studies have reported greater height to be
associated with elevated risk of VTE is striking(3-8), with those in the highest quantile of
height being at 1.5 to 2-fold greater risk of VTE, relative to those in the lowest category. As
with previously published studies, the height and VVTE relationship remained in LITE after
adjustment for obesity and other VTE risk factors. Our findings were somewhat stronger
among women than men. This is counter to some prior studies that have shown a stronger
association of height to VTE among men than among women(5, 8), though height has been
previously reported to be associated with VTE risk among female participants of the lowa
Women's Health Study(3). Two prior studies also stratified by VTE type, and found the
relation of height to be similar for idiopathic and secondary VTE(3, 5).

Physiologically, several mechanisms may explain the observation that longer legs and
greater height are associated with higher VTE risk. First, greater body height is associated
with higher resting venous pressure during quiet standing(10). The common femoral vein
diameter is also larger among taller individuals, though flow velocity was unrelated to
height(9). Given that flow rate is the product term of diameter and velocity, taller
individuals would have a higher venous flow rate. Both greater hydrostatic pressure and a
higher flow rate may increase venous damage, and possibly VTE. In an experimental rat
model, induced venous hypertension was associated with significant venous distension and
venous valve damage(21). An alternate explanation is that taller people simply having
longer veins, thus a greater area where a thrombus could occur. A related possibility is that
taller people have more venous valves. Venous thrombi are thought to originate in the valve
pocket, which is the area between a valve leaflet and the vessel wall(22). Height is, however,
highly genetically regulated(23), and it is also possible, though unlikely, that height and
VTE risk have shared genetic determinants. Lastly, in accordance with the mechanisms
proposed above, the lack of relation between leg length and factor V111 levels in our data
once we accounted for demographics suggests that leg length is more likely to influence
VTE risk through blood stasis or changes in the vascular wall than through hypercoagability,
at least as determined by factor VIII levels.

Although VTE is a significant cause of morbidity and mortality(1-3), VTE is rare relative to
other major cardiovascular conditions, and therefore VTE risk estimation is unlikely cost-
effective on a population-wide basis. Recurrent VTE, however, occurs frequently.
Approximately 8% of individuals with incident VTE experience a recurrent event within 1
year of their initial diagnosis(1), and the long-term cumulative risk of VTE recurrence is
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about one-third over 8-10 years(3, 24, 25). Given the high cumulative incidence of recurrent
VTE, the relation of leg length to recurrent VTE events should be explored since leg length
could be simply and inexpensively measured in practice.

Strengths of this study include the prospective design, systematic case validation, and the
large, population-based, biethnic sample from a wide geographic distribution in the USA.
Further, both leg length and height are determined in childhood and adolescence(26, 27),
and are therefore unlikely to be highly confounded by adult behaviors and characteristics
that cause VTE. A weakness of this study is that leg length was not directly measured in
either ARIC or CHS; rather it was calculated as standing height minus sitting height. Minor
error in our leg length estimation likely occurred because measures of seated height would
include greater soft tissues (i.e. muscle and adiopose tissue) of the gluteal region in obese
than non-obese participants(28, 29). This would result in systematic underestimation of leg
length among obese participants. Given the direction of our finding, that taller individuals
are at increased risk of VTE, this measurement error most likely attenuated our HR
estimates toward the null. Further, adjustment for measures of obesity such as waist
circumference, body weight, and waist-to-hip ratio did not appreciably impact the
associations.

To conclude, in this biethnic sample of men and women, longer legs were associated with
greater risk of incident VTE and explained relations between height and VTE. Our findings
extend the results of previous studies which have reported associations between height and
VTE by isolating the association to leg length, which is the component of height
physiologically hypothesized to influence VTE risk. It is remains to be established whether
this finding is due to greater surface area, a larger number of venous valves, greater
hydrostatic pressure among individuals with longer legs, or an unknown mechanism.
Attempts should be made to replicate these findings in individuals with prior VTE events, as
leg length, like obesity status(24, 25, 30), could potentially aid in prediction of recurrent
VTE risk.
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Impact of mutual leg length and height adjustment on risk of incident VTE: The LITE

Study 1987-2005

Table 3

Men
Women
All VTE Events (n = 641)
Leg length and height modeled separately
Model 1

Model 2

Leg length and height included in the same model
Model 1
Model 2

Sex-Stratified

Men (n = 289)

Leg length and height modeled separately
Model 1

Model 2

Leg length and height included in the same model
Model 1
Model 2

Women (n = 352)

Leg length and height modeled separately
Model 1

Model 2

Leg length and height included in the same model

Model 1
Model 2

HR (95% CI) per 1 SD*

Leg length
(1SD =4.76 cm)
(1SD =4.39cm)

1.21(1.11, 1.31)

1.18 (1.09, 1.29)

1.21 (1.04, 1.40)
1.23 (1.05, 1.44)

1.16 (1.03, 1.31)

1.15 (1.01, 1.30)

1.19 (0.95, 1.49)
1.30 (1.03, 1.65)

1.25 (1.12, 1.40)

1.21 (1.08, 1.36)

1.24 (1.02, 1.51)
1.20 (0.98, 1.48)

Height
(1SD=6.73cm)
(1SD=6.31cm)

1.17 (1.08, 1.27)

1.14 (1.05, 1.24)

1.00 (0.86, 1.16)
0.96 (0.82, 1.11)

1.13 (1.00, 1.27)

1.08 (0.95, 1.23)

0.98 (0.78, 1.23)
0.86 (0.68, 1.10)

1.21 (1.08, 1.35)

1.18 (1.05, 1.32)

1.01 (0.83, 1.23)
1.01 (0.83, 1.24)

*
SDs are sex-specific

Model 1: Adjusted for age, sex, race, and study

Model 2: Adjusted for Model 1 + waist circumference, diabetes status, and factor V111
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