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B A C K G R O U N D  

The rapid growth in B.C. in both the residential and non-residential 
construction sectors has caused construction costs to increase at rates 
not seen since the early 1980’s.  Between 1991 and 2001, the 
B.C. Consumers Price Index (CPI) allowed our budgets and estimates 
to keep up with actual market conditions; however, in about 2001, the  
CPI and the non-residential construction indices began to diverge.  By 
2004 the divergence had become significant, and Engineering has in 
recent years been including an additional construction inflation 
allowance in our estimates.  This allowance is now being expressed as 
a task activity in INFO_PM.  

Estimating the rate of inflation into the future has proved to be difficult, 
especially on multi-year projects.  To keep up with construction 
inflation, a concerted effort has and is being made by EARG to reflect 
this in our estimating practices. 

In January 2007, Engineering awarded MMK Consulting (a 
Vancouver-based firm specializing in economic and financial 
consulting) a contract to prepare a report every six months to forecast 
construction inflation in the non-Residential Construction sector as it 
relates to BC Hydro and BCTC Capital works.  In February 2008 the 
Engineering Divisional Managers asked that the report be enhanced to 
reflect Global Impacts, adding indices outside of North America, as 
well as providing additional information on local market conditions. The 
third of four reports was received on April 4, 2008 and is the basis of 
this briefing note. 

K E Y  F I N D I N G S  I N  M M K  S P R I N G  2 0 0 8  
R E P O R T  

Some of the key findings in MMK’s third report are: 

• Statistics Canada’s Vancouver industrial construction index 
increased 3.7% in the last 6 months of 2007 (second quarter 
2007 to fourth quarter 2007).  This rate of increase is down 
from the 6.3% recorded for the previous six month period  

• Statistics Canada’s Canadian electric utility construction 
indices indicate that the transmission price index increased 
3.2% between 2007 and 2006, while the distribution price 
index increased 3.6% and the stations index increased 
5.7%. These increases are less than half of the rate of the 
broader industrial construction price index.  

• Similar construction price trends were also experienced in 
the US, based on US Bureau of Reclamation (USBR) 
indices. 

• US equipment price indices for electric power and specialty 
transformer manufacturing (in US dollars) also continued 
their strong upward trend, rising 12% in 2007 following 
increases of approximately 25% in the prior two years. By 
contrast, price trends have been relatively flat for generation 
(turbine and power transmission) equipment manufacturing.  

• In Japan and Korea, domestic price indices for electrical 
transformers increased by 2.9% and 2.4% respectively. 
Generator price index trends were more modest, increasing 
1.7% in Japan while remaining flat in Korea. 

• Price trends for commodities were mixed during the second 
half of 2007, with less volatility than in 2005 and 2006. 

• Regional BC, data on construction activity levels (building 
permit values, construction industry employment trends) 
indicate that market (activity levels) pressures are being 
experienced in most BC regions, including some interior 
regions showing flatter trends in previous reports. 

• BTY Group has recently projected that construction costs 
(including residential) in the BC Lower Mainland will increase 
7% in 2008, 6% in 2009, 5% in 2010 and 3% thereafter. 

• B.C. Ministry of Transportation’s current policy on major 
projects is to estimate cost escalation impacts on a project-
by-project basis. For other projects, cost escalation 
allowances are 5% annually for the next two years, 3% 
annually thereafter. 

• MMK is recommending an inflation rate allowance of 4% to 
6% from 2008 to 2010, and 3% to 4% from 2011 onward, for 
all BCHydro construction projects. 

R E C O M M E N D E D  A L L O W A N C E S  

Based on the MMK report, discussions with other Utilities (Manitoba 
Hydro and Hydro Quebec), other owners’ recommended rates (e.g. 
YVR and MOTH) and our own experiences, we are recommending as 
a guide for cost estimating our projects the following cost inflation 
allowances be used:   

        Fiscal Year         % Inflation                      
        FY09                                  5%                 
        FY10                                  5%                 
        FY11                                  4%                  
        FY12                                  3%         
        FY13 and beyond               3% 
 
These allowances are unchanged from those of September 2007, and 
reflect the mixed market signals reported by MMK (lower price index 
trends, coupled with higher reported activity levels)..  

It is also recommended that these rates be applied for projects with 
less than two years of construction and dollar values less than $10 
million. For long term projects and projects greater than $10 million, 
cost components and inflation rates should be analyzed in more detail. 

C O N C L U S I O N  

Project/construction costs are still increasing at rates that far exceed 
B.C. CPI.  The recommended allowances are based on the entire 
Capital program we manage, and should not be adopted blindly.  The 
inflationary outlook in the construction sector of our economy continues 
to be uncertain but there is evidence the rate of increase is beginning 
to soften. So stay tuned again for the next report in six months.               

John Boots 
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1. Introduction and Executive Summary

This report reviews non-residential and industrial construction cost trends in 
British Columbia, and the implications for BC Hydro’s cost inflation allowances on
its major construction projects.  This edition (Spring 2008) is the third of four semi-
annual reviews being performed by MMK Consulting for BC Hydro during 2007 and 
2008.

1.1 General price and activity level trends

During the second half of 2007, there was a moderate easing of upward price 
pressures for the BC industrial construction industry.  As illustrated in Exhibit 1a, 
the industrial construction price index rose 3.7% during the six-month period.  
While this rate of increase was the lowest in the past two years, it still represents a 
significantly higher rate of increase than long-term trends prior to 2004. 

With regard to activity levels, the value of industrial building permits in BC in the 
last six months of 2007 was also down from the first six months, continuing the 
trend of the previous six months.  Industrial construction activity levels are still 
much higher than pre-2004 levels, and strong demand in Alberta continues to put 
pressure on prices in BC.  

While the statistical evidence indicates a moderate weakening of cost inflation 
pressures during 2007, a number of industry sources (especially suppliers) have 
recently indicated that industrial construction activity levels in early 2008 are up 
from the same time in 2007.  

Exhibit 1a — Changes in non-residential construction price indices in the past 
four six-month periods - Greater Vancouver
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1.2 Trends in the electric utility industry

1.2.1 Canadian electric utility construction trends

As measured by Statistics Canada, the twelve-month increase in Canadian price 
indices for 2007 over 2006 was 3.2% for transmission lines, 3.6% for distribution 
lines, and 5.7% for substations.  (Part-year data are not available.)  Over the past 
four years, electric utility price indices have risen at less than half the rate of the 
broader industrial construction price index.

1.2.2 US construction and equipment price trends1

For electric utility construction, price indices (US Bureau of Reclamation) for 
switchyards/substations and steel tower transmission lines increased by 4.9% and 
4.2% respectively, while declining 0.8% for wood pole transmission lines, between 
2006 and 2007.  US industry publications are forecasting high levels of 
transmission and distribution construction activity over the next few years. 

For electric utility production, producer price indices (US Bureau of Labor Statistics)
indicate a 3.8% increase in the electric power generation index, and a 3.4% increase 
in the electric power transmission, control, and distribution index, between 2006 
and 2007. 

Equipment price indices (US Bureau of Labor Statistics) for electric power and 
specialty transformer manufacturing (in US dollars) have continued their upward 
trends, rising 12% in 2007, following increases of approximately 25% in the prior 
two years.  By contrast, price trends have been relatively flat with respect to turbine 
and power transmission equipment manufacturing.  

1.2.3 Overseas equipment price trends

In Japan and Korea, domestic price indices for electrical transformers increased by 
2.9% (Japan) and 2.4% (Korea) in 2007.  Generator price index trends were more 
modest, increasing by 1.7% in Japan while remaining flat in Korea.  

Hydro’s equipment purchasing staff also indicate that they have experienced
significant increases in international equipment prices over the past few years.  
Strong international demand for electric utility equipment is resulting in both 
upward price pressures and deferred production/delivery schedules.   

1.3 Price trends by component cost

Price trends for component costs have been mixed during the second half of 2007, 
with far less volatility than in 2005 and 2006.  Commodity prices (such as fuel and 
metals) are still generally very high compared to pre-2006 levels.

Component cost trends are highly visible, and as such are important indicators of 
cost inflation trends in the BC industrial construction industry.  However, they do 
not account for some “soft” cost factors (such as engineering and construction 
management), nor do they account for supply and demand factors within the 
industry.   Thus, they are only partial indicators of overall price trends.

                                             
1 In US dollars.
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1.4 Regional trends in BC

While direct price index data are not available on a regional basis in BC,
construction activity indicators provide an indirect measure of regional cost inflation
pressures.

The available data on construction activity levels (building permit values, 
construction industry employment trends) indicate that market (activity level)
pressures are being experienced in most BC regions, including interior regions.  

1.5 Other agencies’ estimates and forecasts

Other agencies have a wide range of approaches to estimating and forecasting 
construction cost inflation.  For example, BTY Group has recently projected that 
construction costs (including residential) in the BC Lower Mainland will increase by 
7% in 2008, 6% in 2009, 5% in 2010, and 3% in 2011.   Other agencies’ approaches 
are also described in the main report. 

1.6 Recommended construction cost inflation allowances

Our September 2007 report noted that while “…there is some evidence of weakening 
of some cost component indices, general construction price indices themselves do 
not yet show a significant weakening of upward price pressures for industrial 
construction in general.”  Since then, this weakening has been observed, as the rate 
of increase in the Metro Vancouver industrial construction price index has declined
from 6.3% (13% annualized) in the first half of 2007 to 3.7% (7.5% annualized) in 
the second half.  

On balance, we expect that price inflation will continue throughout 2008, at rates 
similar to those recorded in the second half of 2007.  While high US demand is
expected to put price pressure on transmission and distribution equipment, 
international competition and the strong Canadian dollar will assist in mitigating 
these impacts.

Actual trends since our previous September 2007 report have been in line with 
expectations.  Accordingly, as illustrated in Exhibit 1b, our recommended cost 
inflation allowances are unchanged.  These recommended allowances are for “hard” 
construction costs only, and do not include “soft” costs such as design and project 
management.  They also assume that BC Hydro takes appropriate measures to 
dampen the impact of construction cost inflation through procurement strategies, 
value engineering, and other cost mitigation initiatives.  

The recommended allowances are based on the general assumption that the strong 
construction market in BC between 2003 and 2008 will continue through 2010, and 
that the market will have a “soft landing” in 2011 and beyond, as market demand 
and supply forces come more into balance.  

BCUC IR2 Attachment A78.1
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Exhibit 1b — Recommended construction cost inflation allowances

Previous reports vs. this edition 2008 to 2010 2011 to 2015

Mar. 2007  Generation (heavy construct.) 4% to 6% 2.5% to 4%
 Utility transmission/distribut. 2% to 4% 2% to 4%

Sep. 2007

Apr. 2008

 All construction projects

 All construction projects

4% to 6%

4% to 6%

3% to 4%

3% to 4%

All projections and forecasts are by nature uncertain, and we cannot represent that 
any of the projections contained in this report will be achieved in whole or in part.   
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2. General Price and Activity Level Trends

This chapter presents overall price and activity level trends for non-residential and 
industrial construction.

2.1 Non-residential construction price index

a) Annual trends

Non-residential construction price index1 trends for Greater Vancouver, as well as 
the composite index for seven Canadian metropolitan areas, are illustrated in 
Exhibit 2a.  For Vancouver, price index trends were stable between 1992 and 2003, 
increasing approximately 1.9% per year.  However, the situation changed 
dramatically starting in 2004, and the Vancouver non-residential price index has 
increased by an average of approximately 10% per year over the past four years.  

The seven Canadian Metropolitan Areas (CMA) price index increased more rapidly 
than the Vancouver index between 1999 and 2003, but has increased less rapidly 
since 2003.  

Exhibit 2a — Long-range construction cost trends in the non-residential sector 

                                             
1 The non-residential construction price index (NRBCPI) is defined by Statistics Canada as “…a quarterly 

series measuring the changes in contractors’ selling prices of non-residential building construction (i.e. 
commercial, industrial and institutional)”.  It includes both general and trade contractors’ work, but 
excludes the cost of land, land assembly, design, development and real estate fees.
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b) Quarterly trends

Exhibit 2b illustrates price index trends for non-residential construction, for both 
Vancouver and the seven-city CMA composite1:

 Between the first quarters of 2005 and 2006, both indices show similar upward 
trends, with quarterly price index increases in the range of 1.3% to 2.1%. 

 Between the first quarter of 2006 and second quarter of 2007, upward pressures 
further intensified, with quarterly increases ranging from 2.0% to 4.0%.  Rates 
of increase were particularly high for the Vancouver index.

 Between the second and fourth quarters of 2007, rates of increase have 
declined.  Between the third and fourth quarter of 2007, rates of increase were 
in the range of 1.0%-1.2%. 

Exhibit 2b — Short-term quarterly trends for non-residential construction 
price indices 

                                             

1 For BC Hydro, the Vancouver index in more relevant to smaller Lower Mainland 
projects, while the seven-City CMA composite (Halifax, Montreal, Ottawa, Toronto, 
Edmonton, Calgary, Vancouver) is more relevant to larger nationally-sourced 
projects.
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c) Six-month trends (since previous report)

Between the second quarter of 2007 and the fourth quarter of 2007, the Vancouver 
non-residential price index increased 3.9%, and the CMA composite price index 
increased 2.6% over six months.  

These rates of increase were significantly lower than for any other six-month period 
over the past two years.

Exhibit 2c — Changes in non-residential construction price indices in the past 
four six-month periods
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2.2 Commercial, industrial, and institutional

a) Annual trends

Statistics Canada’s non-residential construction price index may be broken out into 
(1) commercial, (2) institutional/government and (3) industrial construction (of most 
interest to BC Hydro). Exhibit 2d(i) illustrates long-term annual trends for each of 
these subgroups, for both Greater Vancouver and the seven-city CMA composite.

Over the past decade, industrial construction price index upward trends have been 
slightly greater for industrial construction than for commercial and 
institutional/government construction. 

Exhibit 2d(i) — Non-residential construction price index trends, by sector

Exhibit 2d(ii) focuses on the specific results for industrial construction, also 
illustrating the annual percentage increase over the preceding year.  

Price trends are generally similar to those for the overall non-residential 
construction sector index, with the significant change in trends occurring between 
2003 and 2004.  As for the overall non-residential index, upward price index trends
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in industrial construction were stronger for the CMA composite between 1997 and 
2003, and have been stronger for Vancouver since 2003.  

Exhibit 2d(ii) — Industrial construction price index trends

b) Quarterly trends

As illustrated in Exhibit 2e, quarterly price index trends have been similar for all 
three categories of non-residential construction over the past three years.  

Exhibit 2e — Short-term quarterly trends for different types of building 
structure 
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c) Six-month trends (since previous report)

As illustrated in Exhibit 2f, six-month price index trends have been fairly similar for 
all three types of non-residential construction, with industrial construction price 
index trends (3.7% in six months) being in the mid-range.  Rates of increase have 
declined in the second half of 2007, and are the lowest 6-month increase in the past 
two years. 

Exhibit 2f — Changes in non-residential construction price indices in the past 
four six-month periods - Greater Vancouver
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2.3 Building construction activity levels

a) Annual trends

As illustrated in Exhibit 2g, the value of building permits has increased dramatically 
in BC since 2001, driven in initial years by residential construction, and also in 
more recent years by commercial construction1.  However, for industrial 
construction, the value of building permits has been fairly stable between 2003 and 
2007, ranging between $324 million and $358 million.

Exhibit 2g — Value of BC building permits ($ million) by sector, 2001 to 2007

Source: StatCan Table: 26-0006 - Building permits, by type of structure and area, seasonally adjusted, monthly.
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1 BC Hydro and some other agencies (MoTH, BCTC, etc.) do not require building permits for industrial 

construction, so statistics do not include these types of project.

2001 2002 2003 2004 2005 2006 2007

Change 
06-07 
(%)

Jan-
Jun 07

Jul-
Dec 07

6-mth 
change 

(%)

Residential 2,830 3,888 4,514 5,869 6,979 7,621 8,612 13.0% 4,366 4,246 -2.8%

- as % of total 57.1% 68.7% 70.6% 73.9% 68.5% 66.0% 68.6% 66.6% 70.9%

Non-residential

▪ Industrial 221 230 244 328 346 358 324 -9.6% 148 176 18.6%

  - as % of total 4.5% 4.1% 3.8% 4.1% 3.4% 3.1% 2.6% 2.3% 2.9%

▪ Commercial 1,171 1,117 1,130 1,228 1,886 2,494 2,648 6.2% 1,544 1,104 -28.5%

  - as % of total 23.6% 19.7% 17.7% 15.5% 18.5% 21.6% 21.1% 23.6% 18.4%

▪ Institut./Govt 732 424 506 514 980 1,068 961 -10.0% 495 467 -5.7%

  - as % of total 14.8% 7.5% 7.9% 6.5% 9.6% 9.3% 7.7% 7.5% 7.8%

BC Total 4,955 5,659 6,394 7,939 10,191 11,541 12,545 8.7% 6,553 5,992 -8.6%

Six-month data Annual trends
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b) Quarterly trends – Commercial, institutional, industrial

As shown in Exhibit 2h, the value of non-residential building permits in BC has 
varied significantly on a quarterly basis for commercial construction, and to a lesser 
extent for institutional/government construction.  

Exhibit 2h — Quarterly trends in BC non-residential building permit values, by 
type of structure

Industrial building activity, the sector most relevant to BC Hydro, has shown the 
greatest stability on a quarterly basis.

c) Six-month trends (since previous report)

As illustrated in Exhibits 2g and 2h, commercial construction activity continues to 
dominate the non-residential market, but has slowed down in recent months, with 
the value of commercial building permits in BC down by 28% between the first and
second half of 2007.

By contrast, industrial building permit values in BC increased by 19% between the 
first and second half of 2007, mainly as a result of high third-quarter values.1  This 
finding is consistent with anecdotal  evidence from BC Hydro’s suppliers, who 
indicate generally strong industrial construction markets in early 2008.

                                             
1 Caution should be exercised in interpreting the significance of quarterly and semi-annual values in 

assessing general trends, since results may be impacted by seasonal factors and the potential impact 
on overall results of a small number of relatively large industrial building projects.
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2.4 Price and activity trends — BC vs. Ontario/Alberta

BC Hydro’s bidders for major projects tend to be large firms that operate at the 
national and international levels.  All significant industrial contractors in BC are 
affected, directly or indirectly, by industrial construction trends in other national 
and provincial jurisdictions, particularly in Ontario and Alberta. 

2.4.1 Price index trends - Toronto, Calgary and Vancouver

a) Annual trends

Exhibit 2i compares annual price index trends for non-residential construction in 
Toronto, Calgary and Vancouver:

 Vancouver experienced the greatest price index increases in 2004 and 2005, and 
the rate of increase has been even greater in 2006 and 2007

 In Calgary, price indices have increased dramatically over the past two years, 
reaching 17.6% between 2006 and 2007

 In Toronto, price indices have also increased in recent years, but at lower rates 
than in Calgary and Vancouver.  

Exhibit 2i — Annual non-residential construction price index trends—
Toronto, Calgary, Vancouver

Toronto Calgary Vancouver

Index Change Index Change Index Change

2002 119.4 - 115.8 - 107.5 -

2003 123.8 3.7% 119.4 3.1% 108.8 1.3%

2004 132.0 6.6% 127.4 6.7% 118.2 8.6%

2005 139.0 5.3% 136.1 6.9% 126.9 7.3%

2006 148.3 6.7% 153.7 12.9% 139.9 10.3%

2007 158.3 6.7% 180.8 17.6% 157.7 12.7%

Source: StatCan Table 327-0039: Price indices of non-residential building construction, by class of structure, annually.

b) Quarterly and six-month trends

Exhibit 2j illustrates quarterly cost inflation rate trends in recent years for non-
residential construction.  (Results are similar for industrial construction.)  

As Exhibit 2j shows, rates of increase dropped significantly in the second half of 
2007, in all three cities.  Calgary and Vancouver continued to experience significant 
price index increases, at somewhat lower rates than in previous quarters, while 
Toronto’s price index increased by only 1.5% in the last two quarters of 2007.
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Exhibit 2j – Recent quarterly trends for non-residential construction costs –
Toronto, Calgary and Vancouver
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Quarterly Trends for Non-Residential Construction Costs and Percentage
Change over Previous Quarter - Toronto, Calgary, Vancouver

Quarterly Average 2006-2007

2006 2007

2.1%

1.8% 1.1%
1.7%

2.8% 0.7% 0.8%

4.6%

5.4%

5.9% 3.9%

3.9%
2.5% 1.6%

3.9% 3.0%
4.0%

2.2%
3.8% 2.7% 1.2%

2.4.2 Activity level trends  Ontario, Alberta and BC

Quarterly trends in the value of industrial building permits, for Ontario, Alberta and 
BC, are illustrated in Exhibit 2k.  

Exhibit 2k – Quarterly activity trends — Ontario, Alberta, BC
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While industrial construction activity levels in BC have been relatively flat compared 
to Alberta and Ontario, the strength of these other markets has put price pressure 
on BC industrial construction projects.  

The recently released 2008 first quarter bulletin by Statistics Canada on investment 
in non-residential building construction, reported that “… last year’s pace for 
investment in non-residential building construction in Canada continued into the 
first three months of 2008, again the result of major construction activity… in 
Alberta and Ontario”.

2.5 US construction price trends

US construction price index trends have been fairly similar to those experienced in 
Canada.  As illustrated in Exhibit 2l(i) and 2l(ii), US data indicate flat price indices 
for US non-residential and heavy construction between 2000 and 2003.  In 2004, 
price indices started to increase at a higher rate, averaging 7% to 9% annually for 
2004 through 2006.  

For 2007, the rates of increase declined, but were still significantly upward, 
consistent with Canadian and BC trends.    

Exhibit 2l
(i) US annual construction price trends
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(ii) US annual price indices and percentage change

Non-residential Heavy construction Inputs to construction

Index % Change Index % Change Index % Change

2000 137.1 - 139.8 - 138.9 -

2001 137.9 0.6% 139.6 -0.1% 139.1 0.1%

2002 137.0 -0.7% 137.3 -1.6% 138.3 -0.6%

2003 139.7 2.0% 139.4 1.5% 140.8 1.8%

2004 151.7 8.6% 154.2 10.6% 151.8 7.8%

2005 165.1 8.8% 169.5 9.9% 163.7 7.8%

2006 178.6 8.2% 182.6 7.7% 175.4 7.1%

2007 185.6 3.9% 191.2 4.7% 181.4 3.4%

Jul-Dec 06 180.5 - 185.0 - 177.0 -

Jan-Jun 07 183.7 1.8% 188.2 1.7% 179.5 1.4%

Jul-Dec 07 188.1 2.7% 194.2 3.2% 183.3 2.1%

Source: US Department of Labor Statistics, Producer Price Index.

2.6 Conclusion — General price and activity level trends

There was a moderate easing of upward price pressures for the BC industrial 
construction industry during the second half of 2007, with the Vancouver industrial 
construction price index rising 3.7% during the six-month period.  While this rate of 
increase was the lowest in the past two years, it still represents a significantly 
higher rate of increase than long-term trends prior to 2004.  

With regard to activity levels, the value of industrial building permits in BC in the 
last six months of 2007 was also down from the first six months, continuing the 
trend of the previous six months.  Industrial construction activity levels are still 
much higher than pre-2004 levels, and strong demand in Alberta continues to put 
pressure on prices in BC.  
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3. Price and Activity Trends — Electric Utility
Industry

This chapter presents price index information that is particularly relevant to the 
Canadian electric utility industry.  

3.1 Canadian electric utilities price trends

Exhibit 3a presents the Statistics Canada price index data for Canada-wide electric 
utility costs with respect to (1) distribution systems, (2) transmission lines, and (3) 
substations.  Data are only available on an annual basis.

3.1.1 Long-term trends

Long-term price index trends for electric utility construction in Canada have been 
significantly lower than for the broader non-residential construction price indices:

 As illustrated in Exhibit 3a(i), between 1992 and 2007, the cumulative 15-year
increase in price indices for the three categories has been in the range of 40% to 
48%.   

 By contrast, as illustrated earlier in Exhibit 2d, the 15-year increase in non-
residential construction price indices between 1992 and 2007 has been in the 
range of 80% (depending on the specific index). 

3.1.2 Recent-year trends

Recent-year annual percentage changes are illustrated in Exhibit 3a(ii).  Price index 
increases between 2006 and 2007 are higher than in recent previous years, ranging 
from 3.2% (transmission lines) to 5.7% (substations).  However, these price index 
increases are still relatively low in relation to the increases in the broader industrial 
construction price index (see next section). 
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Exhibit 3a — Electric utility construction price trends – Canada 
(i) Long-term annual trends

(ii) Recent-year annual trends
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3.1.3 Price index comparison — Electric utility vs. industrial
construction

Exhibit 3b compares four-year cumulative trends in Statistics Canada’s electric 
utility construction indices to the cumulative trends in the industrial construction 
price index.

Exhibit 3b – Comparison of general industrial construction price index with 
electric utility indices
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Sources:  Statistics Canada  - Table 327-0039 - Price index of non-residential building construction, by class of structure, 4-quarter 
annual average, 7 CM As; Table 327-001 -Electric utility construction price indexes (EUCPI), Canada, annual.

Over the past four years, Statistics Canada’s distribution system, transmission, and 
substation price indices have increased by approximately 12%  less than half of 
the 30.5% increase in industrial construction price indices during the same period.
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3.1.4 Potential factors contributing to lower electric utility
construction price index increases

Several factors have been identified as likely contributing to the relatively low price
index trends for electric utility construction.  One factor is the specialized nature of 
the utility-based industrial construction segment.  There may be a somewhat 
limited ability of firms to cross over into other industrial construction market 
segments, where activity levels have increased significantly, to pursue opportunities 
in these markets.

Another contributing factor may be the concentrated structure of the Canadian 
electric utility industry.  The limited number of larger utilities may make it easier for 
these utilities to resist upward price pressures from suppliers.

Another likely contributing factor is the rising value of the Canadian dollar in recent 
years, as illustrated in Exhibit 3c.  A strengthening Canadian dollar tends to lower 
the cost of purchasing imported electric utility materials (e.g. cables) and equipment 
(e.g. transformers).  As illustrated in Exhibit 3c, the Canadian dollar has 
strengthened considerably against the US dollar in recent years.

Exhibit 3c – Long-term annual exchange rate: Canadian vs. US dollar
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3.2 US electric utility price trends

a) US construction price trends

The US Bureau of Reclamation1 Construction Cost Trends for electric utility 
construction are illustrated in Exhibit 3d.  They illustrate the continuing strong 
upward price trends for switchyards/substations and steel tower transmission 
lines, as well as a flattening of the upward trend in wood pole transmission lines.

Exhibit 3d – US electric utility construction price indices
(i) Annual trends, 2000 to 2007
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(ii) Quarterly trends, 2003 to 2007
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1 The US Bureau of Reclamation manages, develops, and protects water and related resources.  It has developed 

Construction Cost Trends to track construction relevant to the primary types of projects being constructed by the 
organization. Cost models consisting of appropriate labor, equipment, and materials types are used as the principal 
costs reference. Data for the models are primarily extracted from:
- Producer Price Indexes [PPI], US Department of Labor, Bureau of Labor Statistics
- Price Trends for Federal-Aid Highway Construction, US Department of Transportation
- Engineering News-Record, weekly publication of McGraw-Hill.
Actual field data, when available, is used to confirm the reasonableness of the models.

BCUC IR2 Attachment A78.1



 BC Hydro - Construction Cost Trends – Spring 2008 Page 22

b) US producer price trends

Recent US producer price trends for electric power generation, transmission and 
distribution are illustrated in Exhibit 3e.  Price trends in 2007 were upward, at a 
lower rate of increase than in 2006.

Exhibit 3e – US electric power generation, transmission & distribution –
(i) Annual trends 2003-07
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c) US equipment manufacturing price trends

As illustrated in Exhibit 3f, US electric power and specialty transformer equipment 
manufacturing price indices have risen by approximately 40% since 2003.  Turbine 
and power transmission equipment manufacturing has increased at a much lower 
rate, approximately 8%, over the same period.

Exhibit 3f – US electric utility equipment manufacturing
(i) Annual trends 2000-07
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d) Construction activity trends — US transmission and delivery

There is also evidence that US electric utility construction activity has been 
increasing in recent years, and is likely to continue to do so.  According to a recent 
report prepared for the Edison Foundation1:

“The [US electric utilities] industry has been investing and will continue to 
invest in the nation’s transmission infrastructure at levels not seen in 30 
years. …In 2006 alone, investor-owned electric utilities and stand-alone 
transmission companies invested an historic $6.9 billion in the nation’s grid…. 
From 2006-2009…, the industry is planning to invest $31.5 billion… nearly a 
60% increase over the amount invested from 2002-2005.”

“Utilities anticipate substantial increases in generation, transmission and 
distribution investment levels over the next two decades.  Moreover, the 
significant need for new electricity infrastructure is a world-wide phenomenon.  
…Investments by power-sector companies throughout the world will total 
about $11 trillion dollars by 2030.”

The same report also indicated that there is a shortage of spare shop capacity in the 
electric equipment and machinery manufacturing sector, as a result of increasing 
activity in electric utilities construction.  These constraints may delay the delivery of 
major components such as turbines and transformers, and add costs to the project 
through higher manufacturing equipment costs.

These comments help to explain the increasing US manufacturing price index 
trends illustrated in Exhibit 3f.

3.3 Equipment price trends  South Korea

3.3.1 Power generation and distribution equipment

As illustrated in Exhibit 3g, South Korea’s domestic price index for distribution 
transformers increased by approximately 50% between 2003 and 2007. Price 
indices for electric generators have also increased, but much more moderately.

                                             
1 Source: “Rising Utility Construction Costs: Sources and Impacts”, The Battle Group, September 2007. 

Prepared for The Edison Foundation. (p.5 and 6)
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Exhibit 3g – Cost trends power generation equipment, South Korea
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3.3.2 Other representative equipment and materials

As illustrated in Exhibit 3h, Korean price index trends for other representative
equipment and materials items (such as tubes and pipes) have tended to reflect the 
significant upward worldwide trend in price indices for metals and other 
commodities.  

Exhibit 3h – Cost trends for tubes and pipes, South Korea
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3.3.3 Exchange rate impacts

As illustrated in Exhibit 3i, currency exchange rates between Canada and South 
Korea have been fairly stable over the past four years.  Thus, the Korean domestic 
trends illustrated in Exhibits 3g and 3h are not significantly impacted by exchange 
rates.  

We caution that the price indices illustrated in Exhibits 3g and 3h are for domestic 
sales within South Korea, which may limit their relevance to export prices available 
to BC Hydro and other international customers. 

Exhibit 3i – Exchange rates – Canadian dollar versus South Korean won
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3.4 Equipment price trends – Japan

3.4.1 Power generation and distribution equipment

Domestic price trends for Japanese power generation and transformer equipment, 
measured in Japanese yen, are presented in Exhibit 3j.  Domestic price increases in 
Japan have been relatively modest since 2005.1  

Exhibit 3j – Domestic prices for transformers and generators 
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1 Data is only available from 2005 for the Japanese electric utility subsector. Prior to 2005, producer 

price data is only available by major industry sectors.
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3.4.2 Electricity monitoring and control equipment

Domestic price trends for electricity monitoring and control equipment are 
illustrated in Exhibit 3k.  Domestic price increases for circuit breakers have been in 
the range of 2.4% to 3.0% annually, while price index trends for relays and switches 
have been relatively flat.

Exhibit 3k – Domestic prices for electricity monitoring & control equipment

3.4.3 Exchange rate impacts

As illustrated in Exhibit 3l, the Canadian dollar has appreciated against the 
Japanese yen in recent years.  This trend would tend to dampen or offset the 
domestic price increases noted in Exhibits 3j and 3k.  

We caution that the price indices illustrated in Exhibits 3j and 3k are for domestic 
prices within Japan, which may limit their applicability to export prices available to 
BC Hydro and other international customers.

Exhibit 3l - Exchange rates – Canadian dollar versus Japanese yen
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3.5 Recent BC Hydro purchasing experience

Hydro’s purchasing staff also indicate that they have experienced significant 
increases in international equipment prices over the past few years.  Our September 
2007 reported noted Hydro staff reporting transmission equipment (e.g. 
transformer) prices of up to 25%-30% above expectations. 

In early 2008, Hydro staff report that these price trends have flattened, but at the 
higher levels reached during 2007.

3.6 Conclusion — Electric utility construction price and
activity trends

For most of the past four years, price index increases have been much lower in 
Canada for electric utility transmission/distribution than for the broader industrial 
construction indices.  While Statistics Canada’s Vancouver price index for industrial 
construction increased by 30.5% between 2003 and 2007, the Canadian 
construction price indices for distribution-related electric utility construction 
(distribution systems, transmission lines and substations) only increased by 
approximately 12% over the same four years.  

With respect to US electric utility construction cost trends, cost indices for 
switchyards/substations and steel tower transmission lines increased by 4.9% and 
4.2% respectively, while declining 0.8% for wood pole transmission lines, between 
2006 and 2007. 

US equipment price indices for electric power and specialty transformer 
manufacturing (in US dollars) have continued their upward trends, rising 12% in 
2007, following increases of approximately 25% in the prior two years.  By contrast, 
price trends have been relatively flat with respect to turbine and power transmission 
equipment manufacturing.  

In Japan and Korea, domestic price indices for electrical transformers increased by 
2.9% (Japan) and 2.4% (Korea) in 2007.  Generator price index trends were more 
modest, increasing by 1.7% in Japan while remaining flat in Korea.  

Looking ahead, US industry publications are forecasting high levels of transmission 
and distribution construction activity over the next few years. BC Hydro purchasing 
experts also indicate that they have experienced significant increases in 
international equipment prices over the past few years.  In recent interviews, several 
current industrial construction suppliers to BC Hydro have also indicated that 
activity levels and market conditions in early 2008 are stronger than they were in 
early 2007.
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4. Price Trends — By Cost Component

This chapter analyzes price index trends in many of the component cost factors 
(labour, materials, fuel, etc.) that will typically underlie industrial construction cost 
estimates and contractor bid prices.

4.1 Construction labour

a) Quarterly trends in wage earnings

As illustrated in Exhibit 4a, the apparent trends in wage earnings vary according to 
the specific index selected for analysis.  Weekly wage earnings in utilities system 
construction have increased by more than 25% between the third quarter of 2006 
and the fourth quarter of 2007.  At the same time, reported wage earnings in more 
broadly-defined construction labour categories have increased at lower rates.

Exhibit 4a — Weekly wage earnings for selected construction labour in British 
Columbia 

The mixed trends appear at first glance to be somewhat inconsistent with industry 
sources, who report significant increases in wages paid to similarly qualified labour.  
One explanation of these results is that the rapid growth of the BC construction 
industry has resulted in a decline in average experience levels, partly masking the 
increase in wage earnings for equally qualified individuals.
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b) Trade union wage rate agreements

A number of collective agreements were renewed in BC in 2006.  As illustrated in 
Exhibit 4b, annual wage rate increases (excluding benefits and other adjustments) 
are generally in the range of 2.0% to 3.5% annually. 

Exhibit 4b — Wage rate increases for sample union trade positions
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c) Recent trends in union wage raises

Exhibit 4c illustrates the trends in size of collective agreement wage increases in 
recent months.  For collective agreements negotiated in the second half of 2006, 
trends show average annual wage increases that are modestly higher than wage 
increases negotiated in earlier agreements.

Exhibit 4c — Recent years wage rate increases for sample union trade 
agreements
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4.2 Concrete materials

Concrete materials price indices have been trending steadily upwards over the past 
few years.  As illustrated in Exhibit 4d(i), the overall price indices in 2007 were up 
by between 3.9% (cement/concrete) and 7.8% (sand & gravel) over 2006.

On a quarterly basis, Exhibit 4d(ii) illustrates the tendency for price adjustments to 
occur between the fourth and first quarter of each year.   During the latter half of 
2007, increases in ready mix and cement & concrete prices were small, although 
sand & gravel prices increased between the second and third quarters of 2007.

Exhibit 4d — Cost indices for selected construction materials 
(i) Annual trends
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4.3 Metal prices1

a) Annual trends

Exhibit 4e illustrates annual Canadian trends in steel, copper and aluminum. 

Exhibit 4e — Selected metal cost trends – Canada
(i) Steel and aluminum
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Canadian Cost Indices for Copper
12-Month Annual Average - 2000 to 2007 and Annual %Change over Previous Period
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Price volatility in 2007 was generally lower than in the previous few years, albeit at 
significantly higher price levels:

 Copper has experienced the greatest price increase in recent years, roughly
tripling in price between 2003 and 2006.  In 2007, average copper prices were 
close to 2006 levels.

                                             

1 Caution should be used in assessing the implications of metal price trends for electric utility 
construction costs.  Metal commodity prices may not be indicative of the short and medium 
term trends in the cost of metal materials used in major utility construction projects, since 
these trends may be outweighed by industry-specific supply and demand trends.
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 Steel price levels increased by more than 25% between 2003 and 2005, before 
declining slightly in 2006 and 2007.

 Aluminum prices increased by 24% in 2006, before falling back 8% in 2007.

US price index trends, for selected metal products, are illustrated (in US dollars) in 
Exhibit 4f. 

US metal indices for early 2008 continue to show a rising trend.  Over the two-
month period January to February 2008, steel indices are up 2% (iron steel) and 8% 
(stainless steel), copper is up 7%, while aluminum is stable. 

Exhibit 4f — US producer price index for selected metal products
(i) Steel products
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b) Quarterly trends

Quarterly cost index trends for steel, aluminum and copper are illustrated in 
Exhibit 4g. 

Exhibit 4g — Canadian cost indices for selected metals 
(i) Steel and aluminum

(ii) Copper

Copper prices declined 17% in the second half of 2007, after rebounding in the 
second quarter of 2007. Although copper prices peaked in 2006, recent prices
remain high in comparison to pre-2006 levels.

Aluminum prices in Canada dropped 13% in the second half of 2007, continuing 
their decline from the first half of the year, returning to 2004/2005 levels. In the 
US, aluminum prices reached record highs (in US dollars) during the first half of 
2007, but declined in the second half.
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Steel prices were steadier, declining 5% in the second half of 2007, after a small 
increase during the first half of the year.

4.3.2 Changes in Futures markets

a) Crude oil

Exhibit 4h illustrates the futures prices for crude oil as recorded by the Futures 
New York Mercantile Exchange (NYMEX) on March 12, 2007, August 21, 2007 and 
March 28, 2008.

The futures markets, at all three points in time, were fairly flat in terms of expected 
future price movements.  At the same time, the flat forecasts are based on very 
different starting points.  While the March 2008 futures outlook is for a decline in 
prices, the projections are still for crude oil prices to be much higher than what was 
forecast in August 2007.

Exhibit 4h - Futures price indices for crude oil, based on the Futures New York 
Mercantile Exchange
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b) Copper

Exhibit 4i illustrates the futures prices for copper as recorded by the Futures New 
York Mercantile Exchange (NYMEX) on March 12, 2007, August 21, 2007 and 
March 28, 2008.   As in the case of crude oil, the futures expectation in March 2008 
is for a declining market, but from a much higher base because of the increase in 
current prices.

Exhibit 4i - Futures price indices for copper, based on the Futures New York 
Mercantile Exchange
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c) Aluminum

Exhibit 4j illustrates the futures prices for aluminum as recorded by the Futures 
New York Mercantile Exchange (NYMEX) on March 12, 2007, August 21, 2007 and 
March 28, 2008. Current price and futures trends have been more stable for 
aluminum than for crude oil and copper.

Exhibit 4j - Futures price indices for aluminum, based on the Futures New 
York Mercantile Exchange
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4.4 Diesel fuel and asphalt

Quarterly price index trends for diesel fuel and asphalt are illustrated in Exhibit 4k.  

Exhibit 4k — Cost indices for diesel and liquid asphalt 
(i) Annual trends

(ii) Quarterly trends

50

100

150

200

250

C
os

t I
nd

ex
 (1

99
7 

= 
10

0)

Diesel Liquid Asphalt

Cost Indices for Diesel (BC) & Liquid Asphalt (Canada)
Quarterly Average — 2001 to 2007

Source:  Statistics Canada:  Table 329-0047 Diesel fuel , BC V1575891; Table 329-0046 Liquid Asphalt, Canada V1575965

2001 2002 2003 2004 2005 2006 2007

Diesel fuel price trends increased 11% in the second half of 2007, with the largest 
increase (9%) in the last quarter pushing diesel prices to a new all-time high. 

Asphalt prices increased 5% in the third quarter of 2007, before dropping back to 
second-quarter levels during the fourth quarter. Asphalt prices are still significantly 
higher than pre-2006 levels.
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4.5 Construction machinery & equipment

As illustrated in Exhibit 4l(i), Canadian price index trends for construction 
machinery and equipment, and for hydraulic power and transmission equipment,
have been stable in recent years.  

Quarterly results (Exhibit 4l(ii) are also generally stable, except for a modest 
downturn in hydraulic power transmission equipment in the fourth quarter of 2007.

Exhibit 4l — Cost indices for construction equipment
(i) Annual trends

(ii) Quarterly trends
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4.6 Oil & gas drilling/extraction and mining costs

Exhibits 4m and 4n illustrate price trends for selected US oil, gas and mining 
indices.  (These indices relate to the cost of drilling/extracting/mining activity, 
rather than the value of the product.)

a) Annual trends

Exhibit 4m illustrates US annual price trends in oil and gas drilling/extraction and 
ore mining activities.   In 2007:

 Oil & gas drilling prices decreased 4%, after having doubled between 2004 and 
2006.

 Oil and gas extraction prices increased 5.8%, returning to 2005 trends after a
decrease in 2006.

 Metal ore mining prices continued their strong upward trend from the previous 
three years, at a somewhat more moderate rate of 11.5%.

Exhibit 4m — US producer price index for selected mining activities
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b) Quarterly trends

Quarterly trends are illustrated in Exhibit 4n:

 Oil and gas drilling prices dropped by approximately 3% from the second 
quarter to the fourth quarter, continuing the decline of the first half of 2007,.

 Oil and gas extraction prices increased particularly in the fourth quarter. 

 Metal ore mining prices rose moderately in the last half of 2007.

Exhibit 4n — Price indices in the US mining and oil & gas industry sectors 
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4.7 ENR composite measure of construction cost components

Engineering News Record (ENR) publishes two composite indices of construction 
cost components, for a number of North American cities (including Toronto): the 
Building Cost Index (BCI), and the Construction Cost Index (CCI) 1.

As illustrated in Exhibit 4o, ENR construction cost component indices for Toronto 
show moderate increases in recent years, and less than 1% over the past six 
months.  

These indices are of specific component costs only, and do not take into account 
cost factors such as profit margins, insurance costs, employee bonuses and 
incentives, and employee productivity. They are therefore only partial indicators of 
cost trends faced by contractors.

Exhibit 4o – ENR construction cost component indices for Toronto 2000-2007

                                             
1 ENR indices are weighted aggregate indices of the prices of constant quantities of structural steel, 

portland cement, lumber and labor. The BCI index is weighted more towards skilled trade labour, and 
the CCI is weighted more towards entry-level laborers.
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4.8 Trends in interest rates

a) Longer-term annual trends

Long-run trends in the Bank of Canada interest rate are illustrated in Exhibit 4p.  
They demonstrate the historically low interest rates that have prevailed during the 
past few years.  Rates increased in 2006 and 2007, but are still relatively low in 
relation to historical levels of the past two decades. Many observers have identified 
the low cost of borrowing as a driver of the residential and non-residential 
construction boom in British Columbia and across Canada.

Exhibit 4p — Long-term Bank of Canada interest rates

b) Quarterly trends

Quarterly interest rate trends, shown in Exhibit 4p, illustrate the upturn in interest 
rates in late 2005, early 2006, and a more modest increase in late 2007.  These 
increases affect non-residential construction prices in two ways:

 Cost impact on contractors.  Interest rate increases add to the contractor’s 
cost of doing business, especially where the contractor’s business is financed 
through debt instruments (operating lines of credit, loans on capital equipment, 
etc.).

 Demand impact.  Interest rate increases also add to the owner’s costs, 
especially where these costs are debt-financed.  Higher interest rates will tend to 
dampen the demand for construction activity, encouraging greater price 
competition. 

Based on the construction boom of the past few years, the demand impacts of 
interest rates shifts appear to outweigh the contractor cost impacts, at least in the 
current low interest rate environment. 
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Exhibit 4p — Quarterly Bank of Canada interest rates

In 2008, the Bank of Canada has reduced its interest rates in accordance with 
reductions in US interest rates.  As of April 4, 2008, the Bank of Canada’s prime 
rate was 3.75%.

4.9 Conclusion — Component cost trends

While component cost trends have been mixed during the second half of 2007, there 
has been far greater stability than that experienced in 2005 and 2006.  Commodity 
prices (such as fuel and metal), while less volatile in recent months, are still high 
compared to pre-2006 levels.

While component cost trends are important contributors to cost inflation in the BC 
industrial construction industry, they are only partial indicators of the total impact 
of prices, since they do not account for market-driven (construction supply and 
demand) factors.
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5. BC Regional Trends

Within British Columbia, construction price indices are not tracked on a regional 
basis. However, two regional activity level indicators – building permit values and 
construction employment -- provide indirect measures of the regions in which 
constructions activity levels are highest, and where cost inflation pressures may be 
expected to be more significant.  

5.1 Regional trends in construction activity

a) Annual trends

Regional trends in non-residential construction levels are illustrated in Exhibit 5a, 
based on the detailed data contained in Exhibit 5b.

Exhibit 5a — Regional annual trends in non-residential building permit values

The Mainland/Southwest region, which accounts for 64% of residential construction 
activity in BC, experienced a decrease in building permit values of (7% for non-
residential, 24% for industrial buildings) between 2006 and 2007.  Northeast non-
residential building permit values also decreased in 2007 by 40% over 2006 levels, 
but were still more than double pre-2004 levels.   All other regions experienced 
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significant increases in the values of building permits, ranging from 10.5% 
(Vancouver Island-Coast to 39.8% (Thompson-Okanagan).  

Exhibit 5b — BC value of building permits, by region

Source: BC Stats – British Columbia building permits, by type. 

Annual 
Change Jul-Dec Jul-Dec

6-mth 
Change

2000 2001 2002 2003 2004 2005 2006 2007 07 vs 06 2006 2007 07 vs 06

British Columbia (Total)
Total value 4,492.0 4,954.7 5,659.4 6,394.2 7,938.7 10,191.1 11,541.1 8,541.3 -26.0% 4,228.2 3,961.1 -6.3%
Non-residential

Industrial 296.0 221.0 230.0 244.0 328.0 346.2 358.2 323.9 -9.6% 193.4 175.7 -9.1%
Commercial 1,297.0 1,171.0 1,117.0 1,130.0 1,228.0 1,886.4 2,491.4 2,647.9 6.3% 1,431.5 1,103.6 -22.9%
Institutional/Govnt 496.0 732.0 424.0 506.0 514.0 979.5 1,067.4 961.2 -10.0% 461.4 466.6 1.1%

Total non-residential 2,089.0 2,124.0 1,771.0 1,880.0 2,070.0 3,212.1 3,917.0 3,933.0 0.4% 2,086.3 1,745.9 -16.3%
Residential 2,403.0 2,830.7 3,888.4 4,514.2 5,868.7 6,979.0 7,624.1 4,608.4 -39.6% 2,137.9 2,215.2 3.6%

Vancouver Island/Coast
Total value 581.5 632.0 769.2 993.4 1,098.4 1,459.9 1,705.7 1,841.2 7.9% 945.5 786.5 -16.8%
Non-residential

Industrial 29.7 34.8 16.5 33.6 18.5 20.7 31.4 30.1 -4.2% 16.5 12.5 -24.3%
Commercial 147.6 145.1 155.2 202.5 139.1 257.4 281.9 229.4 -18.6% 174.3 116.5 -33.2%
Institutional/Govnt 99.3 102.6 93.5 113.6 81.0 148.3 161.8 265.4 64.0% 101.0 71.8 -28.9%

Total non-residential 276.6 282.5 265.2 349.7 238.6 426.4 475.2 525.0 10.5% 291.8 200.7 -31.2%
Residential 304.9 349.5 504.0 643.7 859.8 1,033.5 1,230.5 1,316.2 7.0% 649.7 585.8 -9.8%

Mainland/ Southwest
Total value 3,079.8 3,396.6 4,028.3 4,165.0 5,371.6 6,387.3 7,443.1 3,825.9 -48.6% 2,082.7 1,613.2 -22.5%
Non-residential

Industrial 194.9 150.5 162.7 129.8 198.4 187.7 227.9 173.6 -23.8% 137.5 94.4 -31.3%
Commercial 953.0 799.3 787.7 697.4 861.5 1,204.7 1,802.8 1,898.2 5.3% 1,039.4 706.7 -32.0%
Institutional/Govnt 269.2 433.9 257.7 262.7 315.1 582.9 672.1 437.9 -34.8% 256.1 226.4 -11.6%

Total non-residential 1,417.1 1,383.7 1,208.1 1,089.9 1,375.0 1,975.3 2,702.7 2,509.7 -7.1% 1,433.0 1,027.4 -28.3%
Residential 1,662.7 2,012.9 2,820.2 3,075.1 3,996.6 4,412.0 4,740.4 1,316.2 -72.2% 649.7 585.8 -9.8%

Thompson/ Okanagan
Total value 397.01 531.256 515.998 774.3 963.7 1,560.7 1,551.7 1,881.8 21.3% 763.3 986.4 29.2%
Non-residential

Industrial 30.2 17.4 23.4 49.2 30.5 48.3 69.1 65.0 -5.9% 22.5 39.7 76.4%
Commercial 96.2 159.4 94.2 116.2 135.3 293.6 209.8 369.0 75.9% 102.9 194.7 89.3%
Institutional/Govnt 54.6 70.2 35.6 70.1 70.0 122.0 125.8 131.8 4.8% 66.4 68.0 2.4%

Total non-residential 181.0 247.0 153.2 235.5 235.8 464.0 404.6 565.7 39.8% 191.7 302.4 57.7%
Residential 216.0 284.3 362.8 538.8 727.9 1,096.8 1,147.0 1,316.1 14.7% 571.6 684.0 19.7%

Kootenay
Total value 219.001 174.291 164.2 239.4 244.6 369.7 402.4 493.3 22.6% 209.0 305.1 46.0%
Non-residential

Industrial 27.8 8.8 6.5 6.7 13.9 8.9 13.4 14.2 5.9% 4.5 11.6 154.9%
Commercial 44.0 18.3 13.5 28.6 33.4 22.9 33.0 47.1 42.5% 18.4 37.3 102.5%
Institutional/Govnt 15.3 34.7 5.0 23.5 23.8 38.6 55.7 55.5 -0.3% 26.3 40.7 54.8%

Total non-residential 87.1 61.8 25.0 58.8 71.1 70.4 102.1 116.7 14.3% 49.2 89.5 81.9%
Residential 131.9 112.5 139.2 180.6 173.5 299.3 300.3 376.6 25.4% 159.8 215.6 34.9%

Cariboo
Total value 101.8 115.2 88.5 125.4 121.2 203.0 174.0 257.4 47.9% 80.7 136.2 68.6%
Non-residential

Industrial 7.5 4.0 10.2 6.5 16.2 38.0 7.2 10.4 44.8% 4.6 6.3 36.9%
Commercial 22.4 21.3 25.7 52.0 32.3 30.3 39.8 53.3 34.0% 25.4 20.7 -18.7%
Institutional/Govnt 29.9 55.9 9.8 31.2 11.1 62.0 33.4 39.9 19.3% 2.8 36.9 1238.5%

Total non-residential 59.8 81.2 45.7 89.7 59.6 130.4 80.4 103.6 28.9% 32.8 63.9 94.8%
Residential 42.0 34.0 42.8 35.7 61.6 72.6 93.7 153.8 64.3% 47.9 72.2 50.7%

North Coast and Nechako
Total value 57.7 45.9 46.4 41.2 33.3 61.5 63.1 78.0 23.7% 34.0 43.0 26.5%
Non-residential

Industrial 2.2 4.1 5.9 11.4 1.5 11.8 4.5 3.8 -13.8% 3.2 2.9 -10.9%
Commercial 13.5 11.8 10.9 13.1 7.7 10.8 21.9 19.5 -11.2% 14.8 6.5 -55.8%
Institutional/Govnt 24.3 18.3 21.3 4.0 10.9 18.8 5.2 16.2 209.2% 1.6 14.3 795.0%

Total non-residential 39.9 34.2 38.1 28.5 20.1 41.3 31.6 39.5 24.9% 19.6 23.7 20.8%
Residential 17.7 11.7 8.3 12.6 13.2 20.1 31.5 38.5 22.5% 14.4 19.3 34.4%

Northeast
Total value 55.2 59.5 46.7 55.6 105.9 149.1 201.2 163.7 -18.6% 113.0 90.7 -19.7%
Non-residential

Industrial 3.3 1.7 5.0 6.8 49.0 30.8 4.8 26.8 455.2% 4.5 8.4 87.1%
Commercial 20.7 16.0 19.5 19.9 18.7 66.7 102.2 31.5 -69.2% 56.3 21.2 -62.4%
Institutional/Govnt 3.5 16.6 1.5 1.3 1.9 6.9 13.4 14.5 8.2% 7.3 8.6 18.0%

Total non-residential 27.5 34.3 26.0 28.0 69.5 104.4 120.5 72.8 -39.5% 68.1 38.2 -43.9%
Residential 27.7 25.2 20.7 27.6 36.4 44.6 80.7 90.9 12.6% 44.9 52.5 17.0%
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b) Six-month trends

Exhibit 5c illustrates building permit trends by region, over the past two six-month 
periods.  

Caution is advised in interpreting the significance of these figures, given the 
relatively small values in some regions.   However, the results indicate that, during 
the second half of 2007, non-residential building permit values declined in 
Vancouver Island/Coast and Mainland/Southwest, while increasing in all other 
regions of the province.   

Exhibit 5c — Value of building permits, by region

Value of non-residential building permits ($ M)

Jul-
Dec 

2006

Jan-
Jun 
2007

Six-
month 
change

Jan-Jun
2007

Jul-Dec
2007

Six-month 
change

Total non-residential 

 Vancouver Island/Coast 292 324 11.1% 324 201 -38.1%

 Mainland/Southwest 1,433 1,482 3.4% 1,482 1,027 -30.7%

 Thompson/Okanagan 192 263 37.3% 263 302 14.8%

 Kootenay 49 27 -44.8% 27 89 229.6%

 Cariboo 26 40 53.7% 40 64 61.3%

 North Coast & Nechako 20 16 -21.3% 16 24 50.0%

 Northeast 45 35 -22.4% 35 38 10.3%

Industrial construction

 Vancouver Island/Coast 17 18 6.4% 18 13 -28.9%

 Mainland/Southwest 137 79 -42.4% 79 94 19.1%

 Thompson/Okanagan 22 25 12.6% 25 40 56.7%

 Kootenay 5 3 -43.2% 3 12 348.9%

 Cariboo 5 4 -12.7% 4 6 56.7%

 North Coast & Nechako 3 1 -70.5% 1 3 201.8%

 Northeast 3 18 545.9% 18 8 -54.7%

Due to rounding numbers may not add up exactly.
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5.2 Regional trends in construction employment

a) Annual trends

Annual regional trends in construction employment are illustrated in Exhibit 5d, in 
both graph and tabular form.  

The highest growth in construction employment between 2006 and 2007, in 
absolute terms, was in the BC Mainland/Southwest.   Strong construction 
employment growth was also recorded in Vancouver Island/Coast and Kootenay,
while Northeast and Thompson/Okanagan were flat.   Reported construction 
employment in Cariboo and North Coast/Nechako declined in 2007 from 2006 
levels.

Exhibit 5d — Regional construction employment trends 1999-2007 (000s)1
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1. See also table overleaf.
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Exhibit 5d (cont’d) — Regional construction employment trends 2001-2007
(000s)

2001 2002 2003 2004 2005 2006 2007
% 

change 
06 vs 07

 Jan 07-
Jun 07 

 Jul 07-
Dec-07 

6-mth % 
Change

British Columbia

Construction employment 110.7 118.1 119.8 144.0 168.0 179.3 196.9 9.8% 187.5  202.1  7.8%

 - % of total employment 5.8% 6.0% 5.9% 7.0% 7.9% 8.2% 8.7%

Vancouver Island/Coast

Construction employment 18.5 17.1 20.9 23.0 30.3 32.8 35.8 9.1% 33.4    37.6    12.6%

 - % of total employment 6.0% 5.4% 6.5% 6.9% 8.7% 8.9% 9.5%

Mainland/Southwest

Construction employment 63.4 70.4 69.2 84.6 95.8 101.7 114.1 12.2% 110.7  115.3  4.2%

 - % of total employment 5.4% 5.8% 5.5% 6.6% 7.3% 7.6% 8.2%

Thompson/Okanagan

Construction employment 14.6 14.3 13.6 18.8 24.1 27.3 26.4 -3.3% 23.3    28.8    23.8%

 - % of total employment 6.9% 6.9% 6.2% 8.2% 9.9% 10.8% 10.3%

Kootenay

Construction employment 5.1 4.6 5.5 8.3 5.8 4.9 9.2 87.8% 8.6      9.1      6.8%

 - % of total employment 7.2% 6.9% 8.2% 12.4% 8.4% 7.1% 11.9%

Cariboo

Construction employment 3.7 4.9 4.9 4.1 6.2 4.8 4.4 -8.3% 4.0      4.8      21.5%

 - % of total employment 4.7% 6.3% 6.3% 5.1% 7.7% 5.8% 5.3%

North Coast and Nechako

Construction employment 2.3 2.6 2.2 1.9 1.8 3.0 2.2 -26.7% 2.2      2.3      0.7%

 - % of total employment 4.9% 5.8% 4.9% 4.5% 3.9% 7.0% 5.3%

Northeast

Construction employment 3.1 4.0 3.4 3.4 3.9 4.7 4.8 2.1% 5.4      4.2      -22.8%

 - % of total employment 9.5% 12.0% 9.7% 10.2% 11.4% 13.8% 13.1%
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b) Quarterly trends

Quarterly construction employment trends for 2004-07 are illustrated in Exhibit 5e. 

Exhibit 5e – Regional BC construction employment
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In Mainland/Southwest, construction employment levels have increased steadily 
over the past year, without the seasonal downturn reported in previous years. 

Vancouver Island/Coast experienced normal seasonal trends, at higher overall 
construction employment levels than in previous years. In Thompson/ Okanagan,
construction employment increased in the third quarter of 2007 after dropping in 
the first half of the year. 

5.3 Conclusions — Regional trends

While the regional data on construction activity levels (building permit values, 
construction employment trends) provide sometimes contrary indicators, it is 
apparent that activity-level-driven cost pressures were felt in all parts of the 
Province during 2007.   
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6. Other Agencies’ Estimates and Forecasts

This chapter briefly outlines some approaches undertaken by other agencies in 
estimating historical construction cost inflation and/or in forecasting future trends, 
where we have used the information in developing recommendations for BC Hydro.  
These approaches are illustrated in Exhibit 6a and are described in the following 
pages. 

Exhibit 6a – Other agencies’ cost inflation estimates and forecasts 

Cost inflation estimates/forecasts 2006 2007 2008 2009 2010 2011- 2012-
2015

BTY BC Lower Mainland construction

 December 2005 11% 10% 10% 9% 8%

 December 2006 11% 5-7% 5% 3% 3%

 December 2007 - - 7% 6% 5% 3%

ENR (US) Component cost Index

 Building Cost Index 
(BCI)

3.9% 3.5%1 1.8%

 Construction Cost 
Index (CCI)

4.1% 3.7%1 3.2%

RLB (US) Selling price index

 US 10.4% 9.0%

 Seattle n/a 8.2%

BC MoT Construction cost allowances

 Property 10% n/a2

 Major projects n/a2

 Other projects 5.2% 5% 5% 3% 3% 3%

BC 
AVED

Construction cost 
allowances

15% 15% 12% 9% 8%

YVR Construction cost allowances 8% 6% 5% 3.5% 2.5% 2.5%

StatsCan Industrial construction

 Seven CMAs 7.8% 8.7%

 Vancouver 10.3% 12.6%

Electric utility construction 

 Distribution systems 4.1% 3.2%

 Transmission lines 6.6% 3.6%

 Substations 3.8% 5.7%

1 Actual for 2007 = 2.6% (same for BCI and CCI indices) 
2 As of 2008, property and major projects are estimated individually on a project-by-project basis.
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6.1 BTY Group

BTY Group is a Canadian-based construction project management consulting firm 
that periodically issues construction cost inflation forecasts.  BTY’s forecasts in the 
past three years are illustrated in Exhibit 6a. In its most recent December 2007 
forecast, BTY is projecting BC Lower Mainland construction costs to increase by 7% 
in 2008, 6% in 2009, 5% in 2010, and 3% in 2011.

BTY is also forecasting that construction cost inflation in Alberta will be 
approximately double that in the BC Lower Mainland  18% in 2008, 15% in 2009, 
10% in 2010, and 7% in 2011.  

6.2 ENR composite cost index

Engineering News Record (ENR), a US-based McGraw-Hill industry publication, 
publishes two US indexes—a “Building Cost Index” and a “Construction Cost Index”. 

 ENR’s US Building Cost Index (BCI) is more heavily weighted towards materials 
costs.  Based on relatively modest materials cost inflation expectations, in 
December 2006 ENR was forecasting a 0.7% increase in its Building Cost Index 
for 2007.  The actual increase in 2007 was 2.6%. In December 2007, ENR 
projected a BCI index increase of 1.8% for 2008.

 ENR’s US Construction Cost Index (CCI) is more heavily (79%) weighted 
towards labour costs.  In late 2006, ENR was forecasting a 2.7% increase in this 
index for 2007.  The actual increase, for 2007, as measured by ENR, was also 
2.6%.  For 2008, ENR is expecting increasing labor costs to put pressure on 
construction costs in 2008, and as of December 2007 was projecting a CCI
increase of 3.2% for 2008.

It should be emphasized that these indices are only partial measures of 
construction cost inflation, since they do not take into account factors such as 
profit margins, insurance costs, employees bonuses and incentives, lower 
productivity levels related to labour shortages, etc.

6.3 Rider Levett Bucknall (RLB) “selling price” index

Rider Levett Bucknall (RLB) is a US/UK firm specializing in construction project 
management, cost consulting and advisory services that publishes a construction 
“selling price1”.  RLB’s most recent quarterly cost report estimates:

 That its overall US construction cost index (based on bid prices) increased by 
9.0% in 2007.

 That its Seattle construction cost index increased by 8.2% during the same 
period.

                                             
1 The “selling price” index is an estimate of what the market will bear. It tracks the true bid cost of 

construction, including contractor/subcontractor overhead costs and fees (profit). 
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6.4 Conference Board of Canada reports

Two recent Conference Board of Canada reports contain forecasts for the Canadian 
construction industry (including residential):

 The Conference Board of Canada’s summer 2007 report on Canadian industrial 
outlook1 forecasts that both revenues and costs in the construction industry will 
increase 10% in 2007.  It warns however, that by 2008 labour and materials 
costs will start to surpass revenue.  Profit levels are projected to fall every year 
through 2011 (to 2.3% from 4.3%), but will still be considered high by historical 
standards (in the range of 1.8% over the past 15 years).  A major cause of
projected reductions in profit margins is expected to be the rising cost of labour, 
resulting from labour shortage, combined with a less skilled workforce.

 In a recent Winter 2008 report, the Conference Board of Canada reported that 
Canada’s residential construction industry saw a significant drop in profit in 
2007, and can expect profitability to decline by 3.3% in 2008 and 4% in 2009.  
However, profit margins are still higher than historical norms. 

6.5 BC Ministry of Transportation (MoT)

This BC Ministry has an annual capital budget in the range of $650-$700 million.  
Capital projects range widely in size, from small projects costing a few hundred 
thousand dollars up to major projects of hundreds of millions.  Projects may be 
cost-shared with other levels of government (municipality, federal), with cost 
inflation risk typically being assumed by the party that is responsible for 
construction.   Because many of the larger contracts are “design-build”, it is often 
difficult to separate cost factors from design and cost estimating factors in assessing 
the impact of cost inflation.  

MoT’s strategies for mitigating construction cost inflation pressures include:

 Breaking larger projects into smaller tenders, to encourage bidding by a wider 
range of contractors.

 Spacing of tender closing dates, to make it easier for contractors to bid on 
different projects.

 Making scope adjustments, to at least partially offset cost inflation pressures.

 Clarifying and revising contract language, to make projects less risky for bidders
and to share risk where appropriate.

As of April 2008, the Ministry’s cost inflation policies are as follows:

 Property acquisition – as recommended by regional property group.

 Major construction projects – individually estimated on a project-by-project 
basis.

 Other projects – 5% annually for first two years, 3% annually thereafter.

                                             
1 Conference Board of Canada: Canadian Industrial Outlook: Canada’s Non-Residential Construction 

Industry — Summer 2007 and Winter 2008.
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6.6 BC Ministry of Advanced Education (AVED)

In 2006, the Ministry of Advanced Education (AVED) issued cost inflation estimates 
and projections for construction projects as follows:

 14% for 2003  12% for 2008

 15% for 2004  9% for 2009

 16% for 2005  8% for 2010 

 15% for each of 2006 and 2007

These figures represent a significant increase from previous AVED cost inflation
allowances, which in 2003 had been established as being in the range of 3% to 
4.25%.

6.7 Vancouver International Airport (YVR)

We also understand (from BC Hydro) that Vancouver International Airport is using 
the following construction cost inflation allowances:

 8% for 2007  3.5% for 2010

 6% for 2008  2.5% for 2011-2015

 5% for 2009

6.8 Statistics Canada

As detailed in earlier chapters, Statistics Canada price indices indicate that
industrial construction cost inflation in Vancouver has been in the range of 10% to 
12% over the past two years.  

On the other hand, Statistics Canada’s price index increases for electric utility 
transmission and distribution were in the range of 4% to 7% for 2006, and 4% to 
6% for 2007.   

6.9 Summary — Other agencies’ estimates and forecasts

Other agencies have a wide range of approaches and results, both in estimating 
recent price index inflation and in developing future cost inflation allowances.

This wide range reflects different approaches to measuring cost inflation, different 
expectations about the duration of the current construction boom, and different 
approaches in determining how conservatively to allow for cost inflation pressures.
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7. Cost Inflation Outlook for BC Hydro

This final chapter assesses the outlook for BC Hydro’s allowances for future major 
construction projects.

7.1 Trends since last report

The cost inflation allowances recommended in our two previous reports are 
illustrated in Exhibit 7a.  In our March 2007 report, we noted that “… a number of 
industry participants and observers have expressed their views that cost inflation
pressures and expectations have begun to ease in the past six months…”.   

Our subsequent September 2007 report noted that while “…there is some evidence 
of weakening of some cost component indices, general construction price indices 
themselves do not yet show a significant weakening of upward price pressures for 
industrial construction in general.”  We also noted that “… BC Hydro staff are 
reporting significant price increases for imported transmission and distribution 
materials and equipment in recent months, despite the increase in value of the 
Canadian dollar.”

Since our last report, the weakening of upward trends in component costs has now 
been reflected in construction price indices.   The 3.7% increase in the Metro 
Vancouver industrial construction price index in the last half of 2007 is significantly 
down from the 6.3% recorded in the first half of the year, and is the lowest increase 
in the past two years.  At the same time, it is important to note that 3.7% in six 
months is still a significant rate of increase – approximately 7.5% on an annual 
basis.

7.2 Recommended cost inflation allowances for BC Hydro

Looking ahead, our assessment is that rates of industrial construction cost inflation 
will continue at late-2007 rates in 2008.   While US demand will put price pressure 
on transmission and distribution equipment, international competition and the 
strong Canadian dollar will assist in mitigating price impacts.

On balance, our recommended cost inflation allowances are illustrated in Exhibit 
7a.  As actual six-month trends since our previous report have been generally as 
expected, our recommended cost inflation allowances are unchanged.  

Exhibit 7a — Recommended construction cost inflation allowances

Previous reports vs. this update 2007 to 2010 2011 to 2015

Mar. 2007  Generation (heavy construct.) 4% to 6% 2.5% to 4%
 Utility transmission/distribut. 2% to 4% 2% to 4%

Sep. 2007

Apr. 2008

 All construction projects

 All construction projects

4% to 6%

4% to 6%

3% to 4%

3% to 4%
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7.3 Interpretation of results

The recommended allowances are for BC Hydro “hard” construction costs only, and 
exclude other “soft” project cost elements such as project design, administrative 
overheads, environmental mitigation, property acquisition, and other non-
construction costs.

The recommended allowances also assume that the strong construction market in 
BC between 2003 and early 2008 will continue through 2010, and that the market 
will have a “soft landing” in 2010 and 2011 as market demand and supply forces 
come more into balance.

The recommended allowances are also based on the assumption that BC Hydro 
takes appropriate cost mitigation measures to dampen the impact of construction 
cost inflation, through procurement strategies, value engineering and other cost 
mitigation initiatives.  

7.4 Future price indices

This recommended range, applied to the Vancouver industrial construction price 
index, is illustrated in Exhibit 7b.

Exhibit 7b — Future industrial construction price index projections, for 
recommended range of cost inflation allowances
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7.5 Disclaimer

All forecasts and allowances are by their nature uncertain, and we cannot represent 
that any of the projections in this report will be realized in whole or in part.
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This report has been prepared by Exponent to assess the current status of research regarding the 
potential for health effects from exposure to electric and magnetic fields (EMF).  It serves to 
update a report filed with the British Columbia Utilities Commission (BCUC) in December 
2005, titled “VITR EMF Health Report Exhibit 1-37 - Response to Evidence Presented by Dr. 
Magda Havas” and prepared for BCTC’s Vancouver Island Transmission Reinforcement 
(VITR) Project (Exponent, 2005).  When the ILM Application is filed, it will be almost two 
years since the VITR EMF Health Report was filed.  This report fulfills the BCUC Directive in 
the VITR decision to require BCTC to monitor the science and allow residents to keep abreast 
of major developments in the field of EMF research.  Thus, this report serves as an independent 
evaluation of the recent body of research.  

The VITR EMF Health Report, hereafter referred to as Exponent 2005, served as an update to 
reports by the International Commission on Non-ionizing Radiation Protection (ICNIRP) and 
the International Agency for Research on Cancer (IARC) and reviewed the scientific research 
published January 1, 2001 through December 5, 2005.  The current report systematically 
evaluates peer-reviewed research and reviews by scientific panels published from December 1, 
2005 through August 31, 2007 to determine if there are new developments that would justify 
changes to conclusions in Exponent 2005 and previous weight-of-evidence reviews.1  During 
this 1-1/2 year timeframe, approximately 34 relevant scientific studies were published and 3 
scientific organizations issued their evaluations of the scientific evidence.  Most important, the 
World Health Organization (WHO) released an Environmental Health Criteria report in June 
2007 following an extensive program to conduct and review research and offer conclusions 
related to the health effects of EMF and recommendations for policymakers.  Since the WHO 
report is the most recent weight-of-evidence review and it was conducted by an experienced 
scientific organization that followed standard scientific procedures, this report relies heavily 
upon its conclusions for research published prior to 2005.  

This report follows the same general structure and discusses the same scientific topics as 
Exponent 2005, with a few modifications and additions.  These modifications and additions 
include an expanded discussion of experimental methods and results (Section 2.4), standards 
and guidelines (Section 3.2), and the precautionary approach (Section 3.3), in addition to new 
sections on electromagnetic interference (Section 5), research related to EMF and flora and 
fauna (Section 6), and other disease outcomes (i.e., neurodegenerative diseases, Section 4.5).  
The sections outlining basic scientific methods and theory are taken from Exponent 2005 
(Section 2), with some modifications, and are repeated in this report for clarity and 
completeness.  A glossary is included at the end of the report, and words that appear in the 
glossary are shown in bold italics on their first appearance in the text.  

 
1 As noted by the ICNIRP and IARC, there has been no consistent or strong evidence to explain how EMF 

exposure could affect biological processes in cells and tissues.  In addition, as described in Section 2.4.1 below, 
such data are supplementary to epidemiology and whole animal studies, and are not directly used by health 
agencies to assess risk to human health.  For that reason, this review systematically addresses epidemiology 
studies and in vivo studies and relies largely on reviews and the conclusions of scientific panels with regard to 
studies of mechanism (see Section 4.6.3).    
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Sections 1 and 2 provide a brief background on the nature and sources of EMF and methods for 
evaluating scientific research.  Section 3 summarizes the methods and conclusions of recent 
weight-of-evidence reviews on EMF, and Section 4 summarizes the recent literature on EMF 
and health that has been published since December 2005, based on a systematic review of the 
literature.  Sections 5 and 6 address additional topics relevant to a risk assessment of EMF 
(electromagnetic interference and possible effects on flora and fauna, respectively).   
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EMF are produced by both natural and man-made sources that surround us in our daily lives.  
In fact, the earth produces a magnetic field—it is this field that is used for compass navigation.  
Man-made EMF is found wherever electricity is generated, delivered, or used, including power 
lines, wiring in homes, workplace equipment, electrical appliances, power tools and electric 
motors.  In Canada and the rest of North America, EMF from these sources (often referred to as 
power-frequency EMF) changes direction and intensity 60 times, or cycles, per second – a 
frequency of 60 Hertz (Hz).2   

Electricity is transmitted over considerable distances from generation sources to substations 
and, finally, to distribution systems that serve our homes and workplaces.  Electricity is 
transmitted as current over power lines to homes, factories and commercial establishments in 
our neighborhoods.   

Electric fields are the result of voltages applied to electrical conductors and equipment.  The 
electric field is expressed in measurement units of volts per meter (V/m) or kilovolts per meter 
(kV/m); a kilovolt per meter is equal to 1,000 V/m.  Most objects including fences, shrubbery, 
and buildings easily block electric fields.  Therefore, certain appliances within homes and the 
workplace are the major source of electric fields indoors, while power lines are the major 
source of electric fields outdoors.   

Magnetic fields are produced by the flow of electric currents; however, unlike electric fields, 
most materials do not readily block magnetic fields.  The strength of magnetic fields is 
expressed as magnetic flux density in units called gauss (G), or in milligauss (mG), where 1 G 
= 1,000 mG.3  The strength of the magnetic field at any point depends on characteristics of the 
source, including the arrangement of conductors, the amount of current flow through the 
source, and its distance from the point of measurement.  The intensity of both electric and 
magnetic fields diminishes with increasing distance from the source.  Research has focused on 
magnetic fields because, among other reasons, conductive objects including buildings 
effectively block electric fields. 

Exposure to EMF depends upon where an individual spends time and the sources he or she 
encounters while at these locations.  Electric fields in the home range up to about 0.010 kV/m 
away from appliances and up to 0.25 kV/m near appliances (WHO, 1984).  Electric fields from 
power lines are higher under the conductors but are much lower as you move away from the 
conductors, and are almost totally blocked by walls and roofs of buildings.   

In most homes, background magnetic field levels average about 1 mG, resulting from wiring 
within the home, appliances, and power lines outside the home (Zaffanella, 1993).  Higher 
magnetic field levels are measured near distribution and transmission lines.  However, since the 

 
2 EMF from electrical facilities in countries outside North America operate at a frequency of 50-Hz.  
3 Scientists also refer to magnetic flux density at these levels in units of microtesla (µT).  Magnetic flux density in 

milligauss units can be converted to µT by dividing by 10, i.e., 1 milligauss = 0.1 µT. 
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intensity of magnetic fields diminishes quickly with distance from the source, distance from the 
power lines reduces the effect on the magnetic field level within the home.  In fact, the 
strongest sources of magnetic fields that are encountered indoors are electrical appliances.  
Fields near appliances vary over a wide range, from a fraction of a milligauss to a thousand 
milligauss or more.  For example, a study by the U.S. Environmental Protection Agency (EPA) 
in 1992 reported the median magnetic field at 6 inches from a sampling of appliances was 90 
mG (copier), 200 mG (microwave ovens), 600 mG (can opener), 300 mG (hair dryer), 7 mG 
(color televisions), 9 mG (electric oven), computers (14 mG), and 6 mG (baby monitor).
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4 

The term of reference for this report is power-frequency EMF or the fields produced by the 
generation, transmission and use of electricity.5  This focus is scientifically critical.  It is 
generally accepted in the scientific community that the frequency of electromagnetic energy is 
a key factor in its interaction with living things.  This is because extremely low frequency 
(ELF) fields of 50 or 60-Hz have very long wavelengths, and, as a result, impart very low 
energy when interacting with cells and living organisms.  Because of these interrelated physical 
characteristics – frequency, wavelength, and energy – the interaction of ELF-EMF with matter 
is very different from higher frequency fields in the electromagnetic spectrum such as 
microwaves (2 billion Hz) or solar energy.  Therefore, studies of ELF-EMF fields are most 
directly relevant to assessing the potential biological and health effects of utility sources of 
ELF fields. 

 
4 Mobile phones and their antennas, wireless communication networks, and radios of all types (AM, FM, police 

and fire) operate using radio frequency fields (RF), a part of the electromagnetic spectrum, as is ELF.    
5 The major focus of the review is magnetic field exposure.  Research has focused on magnetic fields because, 

among other reasons, conductive objects shield electric fields.    
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2.1 Heath risk assessment approach 

The standard process for evaluating a body of research to understand the potential health 
implications of exposure is referred to as health risk assessment.6  A health risk assessment 
consists of several, sequential steps.  The process starts with systematically evaluating the body 
of research and identifying any possible risks associated with an exposure (hazard 
identification/weight-of-evidence review).7  A follow-up to hazard identification is the 
question, “if the exposure does cause any health risks, at what level do they occur?” (dose-
response assessment).  A risk assessment then characterizes the exposure circumstances of the 
situation under analysis (exposure assessment).  Finally, using the findings from the hazard 
identification and dose-response assessment as a basis, a summary evaluation is provided (risk 
characterization).  

2.2 Hazard identification/weight-of-evidence review 

Science is more than a collection of facts; rather, it is a method of obtaining information and of 
reasoning to ensure that the information is accurate and correctly describes physical and 
biological phenomena.  Many misconceptions in human reasoning occur when people casually 
observe and interpret their observations and experience (for example, if a person develops a 
headache after eating a particular food, he or she may ascribe the headache to the food).  
Proximity of events or conditions, however, does not guarantee a causal relationship.  Scientists 
use systematic methods to evaluate observations and assess the potential impact of a specific 
agent on human health.  

The scientific process involves looking at all the evidence on a particular issue in a systematic 
and thorough manner (i.e., a weight-of-evidence review or hazard identification).  This process 
is designed to ensure that more weight is given to studies of better quality and that studies with 
a given result are not selected out from all available evidence to advocate or suppress a 
preconceived idea of an adverse effect.  These methods include an assessment of the kind of 
effect that can be caused by an exposure (hazard identification), as well as an assessment of the 
levels of exposure that can produce these effects (dose-response assessment).  Thus, two steps 
precede arriving at a weight-of-evidence review: a systematic review to identify the relevant 
literature and an evaluation of each study to determine its strengths and weaknesses.  Once all 

 
6 Some of the scientific panels that have considered EMF have described the risk assessment process in the 

introductory sections of their reviews or in separate publications (ICNIRP, 2002; IARC, 2006; SCENIHR, 
2007; SSI, 2007; WHO, 2007).   

7 The terms “weight-of-evidence review” and hazard identification are used interchangeably in this report to 
denote a systematic review process involving experimental and epidemiologic research to arrive at conclusions 
about possible health risks.   
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studies have been individually considered, the overall data is then characterized to evaluate 
whether it provides support for a causal relationship.   

Data from several types of studies must be evaluated together in a weight-of-evidence review, 
including epidemiologic observations in people, experimental studies of humans, experimental 
studies in animals (in vivo), and experimental studies in isolated cells and tissues (in vitro).  
Epidemiology and experimental studies complement one another because the inherent 
limitations of epidemiology studies are addressed in experimental studies and vice versa.  
Similar to puzzle pieces, the results of epidemiology and experimental studies are placed 
together to provide a picture of the possible relationship between exposure to a particular agent 
and disease.   

Epidemiology is the discipline in the health sciences that studies the patterns of disease 
occurrence in human populations and the factors that influence these patterns.  It is, therefore, 
part of the evidence considered for determining the causes of disease.  Epidemiologic studies 
are observational in that they examine and analyze people in their normal daily life.  Such 
studies are designed to quantify and evaluate the association between exposures (e.g., a high 
fat diet) and health outcomes (e.g., coronary artery disease).  An association is a measure of 
how things vary together.  For example, we may find that people with coronary artery disease 
eat a diet that is lower in fat compared to people without the disease (i.e., a negative 
association).  Or, we may find that persons with coronary artery disease eat a diet that is higher 
in fat compared to persons without the disease (i.e., a positive association).   

Epidemiologic studies can help suggest factors that may contribute to the development of 
disease but they cannot be used as the sole basis for drawing inferences about cause-and-effect 
relationships.  Additional research needs to be considered.  Continuing with our example from 
above, just because one study finds a positive association between high fat diets and coronary 
artery disease, we cannot conclude that fat (or a component of fat) causes coronary artery 
disease without further research.  This additional research involves studies with experimental 
research designs.   

In contrast to epidemiology studies, experimental studies (including both animal studies and 
studies of tissues and cells) are conducted under controlled laboratory conditions.  For 
example, in animal studies, exposure is precisely measured in the exposed group, and other 
factors (such as food, housing and temperature) are the same in the exposed and unexposed 
groups.  Experimental studies are designed to test specific hypotheses under controlled 
conditions and are generally required to establish cause-and-effect relationships.  Conversely, 
the results of experimental studies by themselves may not always be directly extrapolated to 
predict effects on human populations.  It is therefore both necessary and desirable that 
biological responses to agents that could present a potential health threat be explored by 
epidemiologic methods in human populations, as well as by experimental studies in the 
research laboratory.   

A weight-of-evidence review is essential for arriving at a valid conclusion about causality 
because no individual study is capable of assessing causality independently.  Rather, evaluating 
causation is an inferential process that is based on a comprehensive assessment of all the 
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relevant scientific research.  The following sections discuss the methods for evaluating 
epidemiologic (Section 2.3) and experimental research (Section 2.4).  
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2.3 Evaluating epidemiology 

Epidemiology is the science of understanding the causes of disease by enrolling people in 
studies, asking them questions about their exposures, and correlating their health events with 
these exposures.  Scientists use two major analytic study designs in the field of epidemiology:  
case-control studies and cohort studies.8  A cohort study follows a pre-defined population 
(e.g., workers at a specific company) over time to see who develops disease.  The study 
examines whether disease rates are different between people who were exposed to a particular 
agent (i.e., exposed group) and people who were not exposed (i.e., unexposed group).  Cohort 
studies can take a great amount of time and effort to conduct because it takes a long time for 
diseases to develop and many diseases are rare so only a few cases will occur.  Case-control 
studies were developed to address these limitations and can be thought of as working 
backwards from a cohort study.  A case-control study compares people who have already been 
diagnosed with a disease (i.e., the cases) to a similar group of people who do not have the 
disease (i.e., controls).  The investigators measure the prevalence and extent of past exposure in 
both groups to assess whether the cases have a higher exposure level or more frequent exposure 
than the controls, or vice versa.  The goal of a case-control study is, to the extent possible, to 
enroll a control group that is similar to the cases on all other factors but the presence of disease.  
Because case-control studies “work backwards,” they have more inherent limitations than 
cohort studies.  

2.3.1  Measuring and evaluating an association 

The association between a particular disease and exposure is measured quantitatively using an 
estimate of effect, i.e., either a relative risk (RR) or an odds ratio (OR).  The general 
interpretation of an estimate of effect equal to 1.0 is that the exposure has no effect on the 
incidence of disease.  If the estimate of effect is greater than 1.0, the inference is that exposure 
increases the risk of the disease.  On the other hand, if the estimate of effect is less than 1.0, the 
inference is that exposure reduces the risk of the disease.   

• A relative risk is the ratio of the rate of disease among persons who are exposed to 
the rate of disease among persons who are unexposed.  For example, in a study of 
high fat diets and coronary artery disease, a relative risk of 2.0 can be interpreted to 
mean that persons with a high fat diet (i.e., exposed) are two times more likely to 
develop coronary artery disease than persons with a low fat diet (i.e., unexposed). 

• An odds ratio is the ratio of the odds of exposure among persons with a disease to 
the odds of exposure among persons without a disease.  For example, in a study of 

 
8 An additional study type is discussed in Section 2.3.3.  
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high fat diets and coronary artery disease, an odds ratio of 2.0 would suggest that 
persons with coronary artery disease are two times more likely to have had a high 
fat diet than persons with no coronary artery disease. 

The relative risk is the better measure of potential effect since it directly compares the 
incidence of disease among exposed persons to the incidence of disease among unexposed 
persons, while the odds ratio is indirect, in that it compares exposure among persons with a 
disease (i.e., cases) and persons without the disease (i.e., controls).  Odds ratios are typically 
estimated from case-control studies, while relative risks can only be measured in cohort 
studies.   

Confidence intervals (CI) are typically reported along with odds ratios and relatives risk 
values.  A CI is a range of values for an estimate of effect that has a specified probability (e.g., 
95%) of including the “true” estimate of effect.  A 95% CI indicates that, if the study were 
conducted a very large number of times, 95% of the measured estimates would be within the 
upper and lower confidence limits.     

The range of the CI is also important for interpreting estimated associations.  A very wide CI 
indicates great uncertainty in the value of the “true” risk estimate.  This is usually due to a 
small number of observations.  The larger the number of persons being analyzed in a 
calculation, the smaller the likelihood that an observed association is due to chance.  For this 
reason, results based on analyses with a large sample size are more easily distinguished from 
chance or random variation.  A narrow CI provides more certainty about where the “true” 
relative risk estimate lies. 
 
Another way of interpreting the CI is as follows: if the 95% CI does not include 1.0, the 
probability of an association being due to chance alone is 5% or lower and the result is 
considered statistically significant.  As discussed elsewhere, however, statistical significance is 
a measure of random variability, and other factors, including study quality and completeness, 
must be considered to determine whether or not a statistically significant association reflects a 
causal relationship.  

For example, a hypothetical study of fat intake and coronary artery disease reported a relative 
risk of 1.9 (95% CI = 1.2-3.9).  This is a statistically significant but weak positive association.  
The data suggests that the risk of coronary artery disease is 90% higher among persons with a 
high fat intake compared to persons with a low fat intake, although the increase in risk could 
plausibly be as low as 20%, or as high as 290%, or anywhere in between, based on the 95% CI.  
In summary, there are three things to consider when assessing whether an estimate of effect 
truly represents an association between the exposure and disease being studied:  

1) The probability that the association is not attributable to chance based on a 95% CI that 
does not contain 1.0.   The use of the CI provides more information than the statement 
“statistically significant.” 

2) The magnitude of the effect estimate, which is often referred to as its strength (i.e., 
strong vs. weak).  Smaller estimates of effect are more likely to be affected by factors 
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3) The precision of the effect estimate, as measured by the range of values reported in the 3 
95% CI.  If the CI is narrow, there is less random variability. 

In addition, it is necessary to evaluate whether the observed association is likely to be produced 
by bias or confounding.  Bias refers to any systematic error in the design, implementation or 
analysis of a study that results in a mistaken estimate of an exposure’s effect on the risk of 
disease.  For example, if a proxy or surrogate is used to estimate exposure in place of a true 
exposure measurement (e.g., if a job title is used to estimate exposure to a particular agent 
rather than actually measuring the agent), there is the potential to introduce error into the 
study’s findings.  A confounder is something that is related to both the disease under study and 
the exposure of interest such that we cannot be sure what causes the observed association - the 
confounder or the exposure of interest.9  If care is not taken to evaluate the role of chance and 
minimize bias and confounding in the design and analysis of a study, these factors can distort 
the study’s findings.   

2.3.2 Association vs. causation  

An association is a relationship between two events, a finding that they occur together more 
often than expected by chance.  A reported association between a particular exposure and 
disease is not sufficient evidence to conclude that the exposure is a cause of the disease.  
Rather, an association is a finding from a particular study; evaluating causation is an inferential 
process that combines the totality of evidence (including epidemiologic studies that have 
measured associations) in a weight-of-evidence review.  For example, we may find in a 
particular study that children with respiratory infections are significantly more likely to have 
eaten ice cream than children without respiratory infections; in other words, there is a positive 
association between exposure to ice cream and respiratory infections that is not likely to be due 
to chance.  However, based upon this information alone we obviously could not conclude that 
ice cream is a cause of respiratory infections. 

In order to support a cause-and-effect relationship, the overall data, or evidence, must present a 
logically coherent and consistent picture.  Various guidelines have been used to assist in the 
evaluation of the plausibility of a cause-and-effect relationship between a particular exposure 
and disease.  These guidelines, commonly referred to as Hill’s criteria after the British 
physician who outlined them (Hill, 1965), typically form the foundation of causal inference 
(Rothman and Greenland, 1998).  Since the publication of Hill’s criteria in 1965, numerous 
revisions and updates have been suggested (e.g., Susser, 1991), although the basic tenets 

 
9 For example, a link between coffee drinking in mothers and low birth weight babies has been reported in the 

past.  However, some women who drink coffee also smoke cigarettes.  It was found that when the smoking 
habits of the mothers are taken into account, coffee drinking was not associated with low birth weight babies 
(Kelsey et al, 1996).  In this example, smoking confounded the relationship between coffee drinking and low 
birth weight.  
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remain.  As described in Table 1, Hill’s criteria are used as an analytic framework in the 
weight-of-evidence review process (e.g., ICNIRP, 2002; USEPA, 2005).  

Each criterion cannot be addressed with a simple ‘yes’ or ‘no,’ nor are the criteria meant to be 
an inflexible set of rules; rather, they serve as guidance for weighing the evidence to reach a 
decision about the plausibility of a cause-and-effect relationship.  The more firmly these 
criteria are met by the data, the more convincing the evidence.  For example, the presence of a 
dose-response relationship provides weight in support of a cause-and-effect relationship; 
however, it does not, in and of itself indicate a cause-and-effect relationship.  Referring to the 
hypothetical example discussed above, the totality of the evidence would more strongly suggest 
that ice cream may be a cause of respiratory infections if: 1) strong associations were also 
found in other epidemiologic studies and these associations showed a dose-response 
relationship; 2) animals with high ice cream intake also had an increased incidence of 
respiratory infections; and 3) an organism was isolated from the ice cream that could cause the 
infection. 
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1 Table 1.   Hill’s guidelines for evaluating causation in epidemiologic data 

Strength The stronger the association between the disease and the exposure in question, 
the more persuasive the evidence.   Some epidemiologists think that a relative 
risk of 3 or more (i.e., the risk of disease is at least 3 times higher in individuals 
with the exposure compared to individuals with no exposure) indicates a strong 
association.  Smaller relative risks are more likely to be influenced by bias or 
confounding.  

Consistency Consistent results across different study populations and study designs are more 
convincing than isolated observations.   

Specificity The evidence for causation is stronger if the exposure produces a specific effect. 

Dose-response If the risk of disease increases as the exposure level increases (e.g., from low to 
high exposure), the exposure is more likely to be related to the disease.   

Biological 
plausibility 

Epidemiologic results are much more convincing if they are coherent with what is 
known about biology.  That is, the evidence is stronger if scientists know of a 
biological mechanism that can explain the effect. 

Temporality The data must provide evidence of correct temporality.  That is, the exposure 
must be documented to have occurred before the observed effect, with sufficient 
time for any induction period related to the disease.   

Coherence The association should be compatible with existing theory and knowledge. 

Prevention of 
effect 

Causation is likely if the disease has been shown to be prevented by the removal 
of the exposure through an intervention or prevention program.  

Analogy Established causal relationships observed with similar diseases and/or 
exposures provide more weight for a causal relationship. 
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This presentation of Hill’s guidelines was adapted from the original source: Hill AB.  The environment and 
disease: Association or causation. Proc R Soc Med. 58:295-300, 1965. 

2.3.3 Meta- and pooled analyses 

In scientific research, the results of smaller studies may be difficult to distinguish from the 
random variation that normally occurs in data.  Meta-analysis is an analytic technique that 
combines the published results from a group of studies into one summary result.  A pooled 
analysis, on the other hand, combines the raw, individual-level data from the original studies 
and analyzes the data from the studies altogether.  These methods are valuable because they 
increase the number of individuals in the analysis, which allows for a more robust and stable 
estimate of association.  Meta- and pooled analyses are also an important tool for qualitatively 
synthesizing the results of a large group of studies.  

The disadvantage of meta- and pooled analyses is that they can convey a false sense of 
consistency across studies if only the combined estimate of effect is considered (Rothman and 
Greenland, 1998).  These analyses typically combine data from studies with different study 
populations, methods for measuring and defining exposure, and definitions of disease.  This is 
particularly true for analyses that combine data from case-control studies, which often use very 
different methods for the selection of cases and controls and exposure assessment.  Therefore, 
in addition to the synthesis or combining of data, meta- and pooled analyses are used to 
understand what factors cause the results of the studies analyzed to vary, and how these factors 
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affect the associations calculated from the data of all the studies (Rothman and Greenland, 
1998).  For example, Greenland et al. (2000) performed analyses to assess how excluding 
particular studies from the group impacted the results of the analysis.  In summary, meta- and 
pooled analyses are a valuable technique in epidemiology; however, in addition to calculating a 
summary relative risk, meta- and pooled analyses should analyze the factors that contribute to 
any heterogeneity between the studies.  

2.3.4  Exposure estimation for EMF 

One of the most crucial aspects in the review of any epidemiology study is an evaluation of 
how exposure was measured.  A good exposure metric should measure the element that is 
believed to cause the disease at the appropriate time in the disease process.  Estimating 
exposure to EMF is difficult since: 1) EMF is ubiquitous; 2) exposure is often estimated 
retrospectively; and 3) there is currently no accepted biological mechanism for carcinogenicity 
or any other disease process, so the appropriate exposure metric and timing is unknown.  In the 
absence of substantive knowledge about a specific mechanism by which magnetic fields could 
affect normal cells, the focus on long-term exposures is based upon the standard assumption 
that exposures that affect the development of cancer require repeated exposures at elevated 
levels, as does tobacco smoke, alcohol, sunlight, chemicals and other agents in the environment 
that are known to cause cancer.  Investigators have used magnetic field measurements to 
estimate a person’s long-term average exposure, i.e., their time-weighted average (TWA) 
exposure.  One method of estimating a person’s TWA exposure is to sum all magnetic field 
exposures encountered during the day (e.g., while at work or school, at home, at a grocery 
store, shopping, etc.), weight each estimate by the number of hours in that environment, and 
divide that value by the total number of hours.   

Exposure to magnetic fields has been quantitatively estimated in studies using a variety of 
methods, including:  

1)  Categories of exposure based on the number and thickness of power line 
conductors and their distance to nearby residences (wire code categories);  

2)  Instantaneous, spot measurements in particular locations of a home;  

3)  Recordings of magnetic fields over 24- or 48-hour periods using either 
measurements in a room where a person spends most of their time or using a 
measurement device that is carried with the person; and  

4) Calculations of fields from nearby transmission lines using information on 
loading, height, configuration, etc.    

In general, studies that estimate long-term exposure using personal magnetic field 
measurements are preferred.  In a recent analysis of children from 5 Canadian provinces, the 
children wore personal exposure meters, which took single readings each minute for 48 hours 
to estimate the child’s 48-hour average magnetic field exposure (Armstrong et al., 2001).  
Since this type of measurement may be cost prohibitive in some locations, the investigators 
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evaluated what proxy exposure measures might best predict the child’s 48-hour average 
magnetic field exposure.  Stationary 24-hour measurements in a child’s bedroom were a good 
predictor of 48-hour personal exposure, and spot measurements around the perimeter of the 
child’s home were a moderately good predictor.  Wire code categories were not found to be an 
accurate predictor of a child’s exposure. 

It is important to note that the magnetic field exposure estimates used in epidemiology studies, 
while given in units of mG, are not the same as the magnetic field values at a fixed location, 
such as at the edge of a transmission line right-of-way (ROW).  The difference is that the 
exposure estimate in epidemiologic studies is intended to reflect a person’s exposure to 
magnetic fields from all sources at all locations over a long period of time.  It is evident then 
that brief encounters with higher magnetic fields (for example, walking under a distribution or 
transmission line, at home in front of a refrigerator or television, or at a grocery store near the 
freezer) would not significantly alter the long-term exposure of a person to magnetic fields, as 
reflected in their TWA exposure, because they spend such a small fraction of their time at these 
locations.  

2.4 Evaluating experimental research 

2.4.1 General research methods 

Experimental studies of humans, animals, and cells and tissues complement epidemiology 
studies.  These two approaches are needed because, although people are the species of interest, 
they have large variations in their genetic makeup, exposures, dietary intake, and health-related 
behaviors.  In laboratories, these variables can be controlled to provide more precise 
information regarding the effects of an exposure.  In epidemiology studies, it is difficult to 
control for these variables because scientists are merely observing individuals going about their 
ordinary lives.  Taken together, epidemiology, animal, and cellular studies provide a more 
complete picture of a possible disease etiology than any one of these study types alone.  

A wide variety of approaches are available for assessing the possible adverse effects associated 
with exposures in experimental studies.  The two general types of experimental studies are 
studies of the effects of planned exposures on human volunteers (usually short-term studies) or 
whole animals (usually long-term studies), called in vivo studies, and studies of isolated cells 
and tissues (often obtained from human or animal sources), called in vitro studies.  In vitro 
studies are designed to evaluate the way that the exposure acts on cells and tissues outside of 
the body, also known as the mechanism of action.  

In Vivo animal studies  

Studies in which laboratory animals receive high exposures in a controlled environment 
provide an important basis for evaluating the safety of environmental, occupational, and drug 
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exposures.  These approaches are widely used by health agencies to assess risks to humans 
from medicines, chemicals and physical agents (USEPA, 2005; USEPA, 2002; IARC, 2002 
preamble; Health Canada, 1994; WHO, 1994).  From a public health perspective, long-term 
(chronic) studies in which animals undergo exposure over most of their lifetime, or during their 
entire pregnancy, are of high importance in assessing potential risks of cancer and other 
adverse effects.  In these long-term studies, researchers examine a large number of anatomical 
sites to assess changes and adverse effects in body organs, cells, and tissues. 

These data are used in the hazard identification step of the risk assessment process by agencies 
to determine whether an environmental exposure is likely to produce cancer or damage organs 
and tissues.  Health Canada specifies that lifetime in vivo studies or in vivo studies of exposures 
during critical sensitive periods are conducted to assess potential toxicity to humans (Health 
Canada, 1994).  Furthermore, the EPA recently stated, “…the absence of tumors in well-
conducted, long-term animal studies in at least two species provides reasonable assurance that 
an agent may not be a carcinogenic concern for humans” (page 2-22, USEPA, 2005).    

In Vitro cellular studies  

In vitro studies are used to investigate the mechanisms for effects that are observed in living 
organisms.  However, the relative value of in vitro tests to human health risk assessment is less 
than that of in vivo and epidemiology studies.  This is because responses of cells and tissues 
outside the body may not reflect the response of those same cells if maintained in a living 
system, so their relevance cannot be assumed (IARC, 1992).  It may be difficult to extrapolate 
from simple cellular systems to complex, higher organisms to predict risks to health because 
the mechanism underlying effects observed in vitro may not correspond to mechanisms 
underlying complex processes like carcinogenesis (the progression of normal cells to 
cancerous cells).  In addition, the results of in vitro studies cannot be interpreted in terms of 
potential human health risks unless they are performed in a well-studied and validated test 
system.  For these reasons, the IARC and other agencies treat data from in vitro studies as 
supplementary to data obtained from epidemiology and whole animal studies.     

Convincing evidence for a mechanism that explains an effect observed in experimental or 
epidemiologic studies can add weight to the assessment of cause-and-effect, and in some cases 
may clarify reasons for different results among species, or between animals and humans.  
However, in vitro studies are not used by any health agency to directly assess risks to human 
health.  For this reason, this report emphasizes epidemiology studies and experimental research 
conducted in vivo.  

Additional information on experimental research methods specific for cancer and 
developmental effects is discussed below. 
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Cancer research in the laboratory includes specific types of studies to assess the various stages 
of cancer development.  Research has established that cells may take several steps to change 
from ordinary cells to the uncontrolled growth typical of cancer.  Cancer usually begins with a 
mutation, that is, an irreversible change in the genetic material of the cell.  This is also known 
as initiation or induction.  Other steps, or stages, must occur for a cancerous cell to develop 
into a tumor, and one of these stages is often referred to as promotion.  Some exposures affect 
both of these stages, and are known as complete carcinogens.  Other types of exposures affect 
only initiation, or only promotion.  The failure of early EMF research to produce mutations in 
the DNA of cells in vitro was a factor in directing scientists to focus on studies of promotion.   

In vitro assays isolate specific cells or microorganisms in glassware in the laboratory to assess 
the likelihood that exposure to the agent can cause mutations, a step necessary in the initiation 
of cancer.  Initiation tests have also been developed in animals, in which scientists expose them 
for less than lifetime periods to determine whether an exposure causes changes typical for early 
cancers in specific tissues such as liver, breast or skin.   

Other tests are designed to ascertain whether a specific exposure can stimulate tumor growth 
(i.e., promotion) in an animal in which cellular changes typical of initiation have already 
occurred.  Studies of promotion include two steps: first, exposing the experimental animals to a 
chemical known to initiate cancer, and second, exposing the animals to the agent to be tested as 
a promoter.  The occurrence of cancer in the animals exposed in both steps is compared to the 
occurrence of cancer that develops in animals exposed only to the initiator. 

2.4.3 Experimental methods for developmental toxicity 

Studies in animals are also used to assess whether an exposure can pose risk to the unborn 
children of pregnant women.  Experimental studies in pregnant animals provide a means for 
isolating the exposure in question from the myriad of other factors that can affect prenatal 
development.  The results of these well-controlled animal studies are used by regulatory 
agencies to assess risk and help set human exposure limits (USEPA, 1991; USEPA, 1998; 
NTP, 2007). 

To test the potential for an exposure to affect fetal development, pregnant mammals such as 
mice, rats, or rabbits are exposed from the time the embryo is implanted in the uterus to the day 
before delivery.  Variations in study design include preconception exposure of the female in 
addition to exposure during gestation, or further exposure to the animal after it is born.  
Protocols generally specify that doses be set below the levels known to cause maternal toxicity, 
that unexposed controls are maintained at the same time period, and that the animals’ health is 
monitored throughout the study.  Endpoints measured include maternal body weight and 
weight change, the numbers and percent of live offspring, fetal body weight, the sex ratio, and 
external, soft tissue, or skeletal variations and malformations.  The uterus can also be examined 
to assess the number of implantations and fetuses that have been lost, as an indication of 
miscarriage (USEPA, 1998).   
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Key factors in evaluating individual experimental studies include the details of the protocol; the 
plan for selecting animals and conducting and analyzing the study; the adequacy of the dose 
levels selected; the way in which the study was actually conducted, including adherence to 
good laboratory practices in animal housing and monitoring; and the evaluation of the effects 
on toxicity, tumors, or malformations, considering both biological and statistical issues  
(USEPA, 2005).   

As an example of a protocol, consider the long-term animal study, a major tool for determining 
whether a chemical can produce cancer in humans.  Standard protocols usually specify at least 
50 animals of each sex per dose level, in each of 3 different dose groups.  One of these dose 
groups is a high level termed the ‘maximum tolerated dose,’ which is close to, but below, the 
level that increases mortality or produces significant morbidity.  Additional dose levels are 
used below this maximum.  An unexposed group, or control, is maintained under the same 
conditions during the same time period for comparison.   This study design permits a separate 
evaluation of the incidence rate for each tumor type in the exposed group compared to the 
unexposed control group.  Statistical methods are used in the analysis of results to assess the 
role of chance in any differences in the rates between exposed and unexposed, or among the 
dose groups.  If effects are observed in a study, other studies are considered because similarity 
of results in different studies, laboratories, and species strengthens the evidence. 

Specific methods are used to reduce subjectivity and avoid systematic error, or bias, in 
scientific experiments (NRC, 1997).  These are summarized in Table 2, including the random 
assignment of subjects to control or comparison groups, the unbiased collection of information 
(e.g., researchers are not aware of, or are ‘blind’ to the exposure), and the need for replication 
of results.  Again, as with Hill’s criteria, each guideline for evaluating causation in 
experimental studies is not met with a simple ‘yes’ or ‘no,’ rather, they serve as guidance for 
weighing the evidence to reach a decision about cause-and-effect.  The more firmly these 
criteria are met by the studies, the more convincing the evidence. 
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1 Table 2.   Criteria for evaluating experimental studies as applied to EMF exposures 

Avoiding unwanted 
effects 

The experimental techniques should be chosen to avoid effects of intervening factors such 
as microshocks, noise, corona discharges, vibrations and chemicals. 

Exposure 
classification 

Extreme care should be taken to determine the effective EMF field, voltage, or current in the 
organism. 

Sensitivity The sensitivity of the experiments should be adequate to ensure a reasonable probability 
that an effect would be detected if it existed. 

Objectivity The experimental and observational techniques, methods and conditions should be 
objective.  “Blind” scoring (where the investigator making the observations is unaware of the 
experimental variable being tested) should be used whenever there is a possibility of 
investigator bias.  “Double-blind” protocols (where neither the investigator making the 
observations nor the experimental subject are aware of the experimental variable being 
tested) should be used in studies of people when the experimental subjects’ perceptions 
may be unwittingly influenced. 

Statistical 
significance 

If an effect is claimed, the result should be demonstrated at a level where chance is an 
unlikely explanation. 

Consistency The results of a given experiment should be internally consistent among different ways of 
analyzing the data, and consistent across studies with respect to the effects of interest. 

Quantifiable results The results should be quantifiable and replicable.  In the absence of independent 
confirmation, a result should not be viewed as definitive. 

Appropriateness of 
methodologies 

The biological and engineering methodologies should be sound and appropriate for the 
experiment. 
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Scientists, scientific organizations, and regulatory agencies use the weight-of-evidence 
approach worldwide to assess the health risk associated with exposures.  These expert groups 
have included many scientists with diverse skills that reflect the different research approaches 
required to answer questions about health.  Using a weight-of-evidence approach as an analytic 
framework, each group has provided its scientific consensus based on a review of the evidence.  
In this assessment, we focus on the weight-of-evidence reviews published December 1, 2005 – 
August 31, 2007 by the national and international scientific panels that have considered this 
issue (SCENIHR, 2007; SSI, 2007; WHO, 2007).10  We also make reference to weight-of-
evidence reviews that were published by scientific organizations prior to 2005, the full details 
of which can be found in Exponent 2005.  While some of these reviews are not explicitly 
referred to as “weight-of-evidence reviews,” each of these panels consisted of a group of 
scientists that used a structured and systematic process to weigh both the laboratory and 
epidemiologic evidence and provide a conclusion about causality.  In particular, this 
assessment focuses on the conclusions of the scientific panel assembled by the WHO, because 
it is the most recent.    

In an earlier report, the WHO provided insight as to why reviews by reputable scientific 
organizations are important to weighing 30 years of literature on a single topic:  

Science is a powerful tool and has earned its credibility by being 
predictive. However, its usefulness depends on the quality of the data, 
which is related to the quality and credibility of the scientists.  It is 
important to verify the knowledge and integrity of so called “experts,” 
who may look and sound extremely convincing but hold unorthodox views 
that the media feel justified in airing “in the interests of balance.”  In fact 
giving weight to these unorthodox views can disproportionately influence 
public opinion.  For the public, often the best sources of information are 
from panels of independent experts who periodically provide summaries 
of the current state of knowledge. (WHO, 2002) 

3.1 Recent weight-of-evidence reviews   

Overall, the conclusions of scientific review panels have been consistent.  None of the panels 
concluded that magnetic fields are a known or likely cause of any long-term adverse health 

 
10 We are aware of other summaries of the EMF research that have been published over the past 1-1/2 years.  In 

particular, with an increase in transmission infrastructure development and the advent of the Internet, various 
reviews and summaries are being released on an ongoing basis.  This update is restricted to summaries that 
used a weight-of-evidence approach, and for which a multidisciplinary scientific panel reviewed the 
epidemiologic and experimental evidence (either in its entirety or since the organization’s previous report), and 
offered conclusions about causality.  Other reviews and summaries, which do not follow this approach are not 
addressed because they do not assist in making science-based risk assessments and conclusions.  
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effect and, as a result, no standards or guidelines have been recommended for magnetic fields 
at the strengths normally encountered in our environment.  Most of the uncertainty and 
controversy surrounding magnetic fields is still related to the research on childhood leukemia.  
Some epidemiologic studies reported that children with leukemia were more likely to live 
closer to power lines or have higher estimates of magnetic field exposure, compared to children 
without leukemia; other epidemiologic studies did not report this statistical association.  When 
a number of the relevant studies were combined in a single analysis, no association was evident 
at lower exposure levels but a weak association was reported between childhood leukemia and 
estimates of average magnetic field exposures greater than 3-4 mG (Ahlbom et al., 2000; 
Greenland et al., 2000).  These calculations, referred to here as pooled analyses, provide some 
evidence for an association between magnetic fields and childhood leukemia; however, because 
of the inherent uncertainty associated with observational epidemiologic studies, the results of 
these pooled analyses were not considered to provide strong epidemiologic support for a causal 
relationship.  Further, in vivo studies have not found that magnetic fields induce or promote 
cancer in animals exposed for their entire lifespan under highly controlled conditions, nor have 
in vitro studies found a cellular mechanism by which magnetic fields could induce 
carcinogenesis.   

Considering all the evidence together, panels issuing conclusions following the publication of 
the pooled analyses characterized magnetic fields as a possible cause of childhood leukemia 
(NRPB, 2001a; IARC, 2002; ICNIRP, 2003; HCN, 2004).  The term “possible” denotes an 
exposure for which epidemiologic evidence points to a statistical association, but other 
explanations cannot be ruled out as the cause of that statistical association (e.g., bias and 
confounding) and experimental evidence does not support a cause-and-effect relationship.   

The IARC classified electric fields as “not classifiable as to their carcinogenicity to humans” 
(p. 338).  More studies have focused on magnetic field exposures because, among other 
reasons, conductive objects block electric fields.  The epidemiologic studies that estimated 
electric field exposure also have not produced suggestive associations, although the IARC 
concluded that the epidemiologic evidence related to electric fields is “inadequate” because of 
major qualitative or quantitative limitations in the data.   

The recent evaluations of the latest research have concluded that the classification of “possible 
carcinogen” for magnetic fields remains appropriate (SCENIHR, 2007; SSI, 2007; WHO, 
2007).  These views have stressed the importance of reconciling the epidemiologic data on 
childhood leukemia and the lack of evidence from experimental studies through innovative 
research.  Just like any other cancer, researchers believe that the development of childhood 
leukemia is influenced by a multitude of different factors, e.g., genetics, environmental 
exposures, and infectious agents (Buffler et al., 2005; McNally et al., 2006).  

Both the IARC and ICNIRP concluded that the epidemiologic evidence does not support a 
cause-and-effect relationship between magnetic fields and adult leukemia/lymphoma or brain 
cancer; recent studies have not altered that conclusion (SCENIHR, 2007; WHO, 2007).  Breast 
cancer has received more attention because of some initial epidemiologic and experimental 
findings suggesting that magnetic fields may alter levels of the hormone melatonin, leading to 
the development of breast cancer (i.e., the melatonin hypothesis).  An additional review by the 
Health Protection Agency (HPA) of Great Britain in 2006 concluded that the evidence to date 
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11  The SCENIHR and WHO reviews concluded that recent 
studies added support to the conclusion that magnetic fields are not associated with breast 
cancer (SCENIHR, 2007; WHO, 2007).  With regard to miscarriage, two epidemiologic studies 
reported a statistical association between peak magnetic field exposure and miscarriage (Lee et 
al. 2002; Li et al. 2002), although a serious bias in how these studies were conducted was 
identified and various scientific panels concluded that these biases preclude making any 
conclusions about the effect of magnetic fields on miscarriage (HCN, 2004; NRPB, 2004; 
WHO, 2007).   

Some epidemiologic studies on neurodegenerative diseases (including Alzheimer’s disease and 
Amyotrophic Lateral Sclerosis [ALS]) have reported associations with estimates of 
occupational magnetic field exposure.  The scientific panels have recommended more research 
in this area, particularly with regard to ALS, as the initial studies were of relatively low quality 
(NRPB, 2001b; SCENIHR, 2007; WHO, 2007).  

In summary, reviews of the research published over the last few years concluded that the 
cumulative body of research to date does not support the idea that magnetic fields cause any 
long-term adverse health effects at the levels we encounter in our everyday environments.   

For additional reference, the sections below provide a more detailed summary of each scientific 
panel, the methods they employed to review the evidence, and their scientific conclusions.   

3.1.1 The World Health Organization (WHO)  

The World Health Organization is a scientific organization within the United Nations system 
whose mandate includes providing leadership on global health matters, shaping the health 
research agenda, and setting norms and standards.  WHO established the International EMF 
Project in 1996, in response to public concerns about exposures to EMF and possible adverse 
health effects.  The Project’s membership includes 8 international organizations, 8 
collaborating institutions and over 54 national authorities.  The overall purpose of the project is 
to assess health and environmental effects of exposure to static and time varying EMF in the 
frequency range 0-300 GigaHertz (GHz).  A key objective of the Project is to evaluate the 
scientific literature and make a status report on health effects, to be used as the basis for a 
coherent international response, including the identification of important research gaps and the 
development of internationally acceptable standards for EMF exposure.  The WHO’s weight-
of-evidence review was published in June 2007 as part of their Environmental Health Criteria 
(EHC) Programme.   

The WHO used standard scientific procedures to conduct its health risk assessment.  The Task 
Group responsible for the report’s overall conclusions consisted of 21 scientists from around 
the world with expertise in a wide range of disciplines.  The Task Group relied on the 

 
11 The National Radiation Protection Board of Great Britain (NRPB) merged with the HPA in April 2005 to form 

its new Radiation Protection Division. 
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conclusions of previous weight-of-evidence reviews, where possible, and (with regard to 
cancer) mainly focused on evaluating studies published after the IARC review in 2002.  
Specific terms were used by the Task Group to describe the strength of the evidence in support 
of causality.  Limited evidence was used to describe a body of research where the findings are 
inconsistent or there are outstanding questions about study design or other methodological 
issues that preclude making strong conclusions.  Inadequate evidence describes a body of 
research where it is unclear whether the data is supportive or unsupportive of causation because 
there is a lack of data or there are major quantitative or qualitative issues.  The WHO also used 
the IARC method for categorizing exposures based on their likely carcinogenicity.  Categories 
include (from highest to lowest risk): carcinogenic to humans, probably carcinogenic to 
humans, possibly carcinogenic to humans, unclassifiable, and probably not carcinogenic to 
humans.  These categories are intentionally meant to err on the side of caution, giving more 
weight to the possibility that the exposure is truly carcinogenic and less weight to the 
possibility that the exposure is not carcinogenic.  The category “possibly carcinogenic to 
humans” denotes exposures for which there is limited evidence of carcinogenicity in 
epidemiology studies and less than sufficient evidence of carcinogenicity in studies of 
experimental animals.    
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The WHO Report provided the following conclusions:12 

New human, animal, and in vitro studies published since the 2002 IARC 
Monograph, 2002 [sic] do not change the overall classification of ELF as a 
possible human carcinogen (p. 347). 

Acute biological effects [i.e., short-term, transient health effects such as a 
small shock (see Section 3.2)] have been established for exposure to ELF 
electric and magnetic fields in the frequency range up to 100 kHz that may 
have adverse consequences on health.  Therefore, exposure limits are 
needed.  International guidelines exist that have addressed this issue. 
Compliance with these guidelines provides adequate protection.  
Consistent epidemiological evidence suggests that chronic low-intensity 
ELF magnetic field exposure is associated with an increased risk of 
childhood leukaemia.  However, the evidence for a causal relationship is 
limited, therefore exposure limits based upon epidemiological evidence 
are not recommended, but some precautionary measures are warranted (p. 
355). 

3.1.2 Scientific Committee on Emerging and Newly Identified Health Risks 
(SCENIHR) 

The SCENIHR is a committee that provides advice to the European Commission (EC) on 
issues of public health.  The Working Group responsible for the report on EMF consisted of 

 
12 More specific conclusions from the WHO report are provided in discussions of specific outcomes in the 

literature update (Section 4).   

0700260.000 A0T0 1007 LE03 
21 

Appendix R
Appendix 57.3



October 30, 2007 
 

nine persons with expertise in various fields.  The SCENIHR issued their first report on EMF 
in March 2007 as an update to a report released in 2001 to the Health Directorate of the EC 
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13  The purpose of the 2007 report was not to provide an exhaustive review, but 
to note new findings since 2001 and characterize risks.   

The report provided the following conclusion on ELF-EMF:   

The previous opinion came to a similar conclusion regarding 
carcinogenicity of ELF fields as IARC’s evaluation, namely that ELF 
magnetic fields are possibly carcinogenic.  This conclusion was mainly 
based on epidemiologic results indicating that exposure to EMF fields 
might be a cause of childhood leukemia.  This assessment is still valid.  
The fact that epidemiological results for childhood leukemia have little 
support from known mechanisms or experimental studies is intriguing and 
it is a high priority to reconcile these data. 

For some other diseases, notably breast cancer and cardiovascular disease, 
later research has indicated that an association is unlikely.  For yet some 
other diseases, such as neurodegenerative disease and brain cancer, the 
issue of an association to ELF fields remains open and more research is 
called for. A relation between ELF fields and symptoms has not been 
demonstrated (p. 37).  

3.1.3 Swedish Radiation Protection Authority (SSI) 

The SSI is an “international independent expert group for electromagnetic fields and health” 
consisting of eight scientists.  Using other major scientific reviews as a starting point, the SSI 
has evaluated recent studies in consecutive annual reports.14  The report released in 2007 was 
their fourth annual report.   

The report concluded that recently published studies on childhood leukemia are in line with 
previous findings and that recently published animal and in vitro studies on genotoxicity have 
not provided evidence that ELF magnetic fields can damage DNA.  They also identified no 
new plausible biological mechanisms to explain the statistical association between childhood 
leukemia and magnetic fields.   

 
13 The 2001 report of the Scientific Committee on Toxicity, Ecotoxicity, and the Environment (CSTEE) was not 

included in the Exponent 2005 report because priority was given in that report to scientific organizations that, 
at one time, had published a full weight-of-evidence review of the published literature, rather than reports that 
reviewed the research in separate documents periodically as it became available. 

14 Previous SSI reports were not mentioned in the Exponent 2005 report because priority was given in that report 
to scientific organizations that, at one time, had published a full weight-of-evidence review of the published 
literature, rather than reports that reviewed the research in separate documents periodically as it became 
available. 
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3.2.1  Status of EMF guidelines 

Two international scientific organizations, ICNIRP and the International Committee for 
Electromagnetic Safety (ICES), have published guidelines for limiting public exposure to 
EMF.  These guidelines set limits at high field levels to protect against the direct, acute health 
effects (i.e., stimulation of nerves and muscles, a shock-like effect) that can occur at these high 
field levels.  Although the ICNIRP and ICES have the same objectives15 and used similar 
methods, the recommended limits for exposure of the general public to EMF at the frequencies 
used to transmit electricity differ, as seen in Table 3.  Exposure standards are set based on acute 
effects – those that occur from short-term exposure to high levels – because both organizations 
judged that evidence for effects from long-term exposure to ELF-EMF was insufficient for 
setting exposure standards. 

Table 3. Reference levels for whole body exposure to 60-Hz fields: general public  

Organization Recommending Limit  Magnetic Fields a Electric Fields a 

ICNIRP Restriction Level 833 mG 4.2 kV /m 

ICES Maximum permissible exposure 
(MPE) 

9,040 mG 5 kV/m 

10 kV/m b 

a. Both organizations judged that evidence for effects from long-term exposure was insufficient for 
setting exposure standards.  
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b. Exception within transmission line ROWs because people do not spend a substantial amount of time 
in ROWs and very specific conditions are needed before a response is likely to occur; a person must 
be well insulated from ground and must contact a grounded conductor (ICES, 2002, p.27).   

The ICNIRP recommends a residential exposure limit to magnetic fields of 833 mG and an 
occupational exposure limit of 4,200 mG (ICNIRP, 1998).  The ICES recommends that 
magnetic field exposures be limited to 9,040 mG (ICES, 2002).  Magnetic field levels in 
ordinary environments are far too low to cause acute effects.  

As Table 3 shows, there is some difference between in the electric field limits of ICNIRP and 
ICES.  The ICNIRP guideline for general public exposure is 4.2 kV/m, and the ICES guideline 
for general public exposure is 5 kV/m.  These guidelines are the same as those reported in 
Exponent 2005 and remain unchanged despite additional research and reviews.   

 
15 The scope of ICES is the “Development of standards for the safe use of electromagnetic energy in the range of 

0 Hz to 300 GHz relative to the hazards of exposure to man … to such energy.”  ICES encourages balanced 
international volunteer participation of the public, the scientific and engineering community, agencies of 
governments, producers, and users.  ICNIRP is an independent group of approximately 40 experts assembled 
from around the world.  It is the formally recognized, non-governmental organization charged with developing 
safety guidance for non-ionizing radiation for the WHO, the International Labour Organization, and the 
European Union. 
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The discussion in this section of the biological basis for the standard focuses mainly on electric 
fields, because exposure to magnetic fields can induce or conduct electric fields into the body.  
Thus, limits on internal levels of electric fields are the basis of both the electric and magnetic 
field standards.   

In Canada, there are no national standards or guidance for limiting residential or occupational 
exposure to 60-Hz ELF-EMF based on either acute or long-term health effects.  Rather, the 
only Canadian standards specify maximum levels and duration of exposure to radio frequency 
fields, that is, fields with a frequency over 3,000 Hz (Health Canada, Safety Code 6).  Health 
Canada, which monitors the scientific research on EMF and human health as part of its mission 
to improve the health of Canadians, takes the following position:  

At present, there are no Canadian government guidelines for exposure to 
EMFs at ELF.  Health Canada does not consider guidelines necessary 
because the scientific evidence is not strong enough to conclude that 
typical exposures cause health problems. (Health Canada, 2004)  

The sections below discuss the similarities and differences between the ICNIRP and 
ICES standards, and the public health implications of the differences.   

3.2.2 Similarities between ICES and ICNIRP guidelines   

In both the ICES and ICNIRP standard setting process, a group of scientists conducted 
extensive reviews of the scientific research regarding health effects.  The scientists reviewed 
the epidemiologic and experimental evidence and concluded that the evidence was insufficient 
to warrant the development of standards on the basis of hypothesized long-term health effects, 
such as cancers.  Each organization reached a consensus that the most sensitive endpoints – the 
substantiated adverse effects that would occur at the lowest level of exposure – are short-term 
reactions to electrostimulation of nerve and muscle.  These are direct, acute reactions to high 
levels of exposure, not severe or life-threatening events. 

Each organization developed its recommended exposure limit in two steps.  The first step is to 
identify the lowest level of electrical forces inside the body that is likely to produce the 
stimulation of nerve and muscle.  This internal level, or dose, is further lowered by safety 
factors to develop what is referred to as the basic restriction.  As the term indicates, the basic 
restriction is the internal ‘dose’ recommended for exposed populations.  This internal level is 
the foundation of both the ICNIRP and ICES standards because both electric and magnetic 
fields can induce electrical forces in the body. 
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The ICNIRP and ICES basic restrictions are set well below the value at which an adverse effect 
was observed in experiments, therefore these exposure limits are conservative.
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16  This is 
because they incorporate dose reduction factors, known as safety factors to account for 
potential sources of uncertainty.  For example, both groups consider the potentially higher 
sensitivity in vulnerable groups as a reason for using a safety factor.    

The second step in the standard setting process involves developing the reference level.  A 
reference level is developed because a basic restriction cannot be directly measured.  The 
reference level is the measurable level of electric fields at the location of interest; these levels 
are outside of the body, and are used as a screening value to maintain the internal level 
identified as the basic restriction.    

3.2.3 Differences between the two guidelines 

While both the ICNIRP and ICES standards are designed to protect against short-term reactions 
to electrostimulation of nerve and muscle, they are based on different aspects of the data 
(Reilly, 2005).  ICES estimates an internal field that would lead to a 1-percent reaction level in 
the most sensitive tissue, and then applies a safety factor of 3, whereas ICNIRP identified an 
adverse effect level that is 28 times higher than ICES, does not specify the probability of effect 
on any specific tissue, and applies a safety factor of 50.  Table 4 shows the main factors 
responsible for the differences in electric field limits between the two standards.17  These 
differences also affect the magnetic fields limits.18   

 
16 In this context ‘conservative’ means that if the reference level (the screening level) is exceeded, it does not 

necessarily follow that the basic restriction is exceeded.  ICNIRP explains: “In many practical exposure 
situations external power frequency electric fields at the reference levels will induce current densities in 
central nervous tissues that are well below the basic restrictions. Recent dosimetry calculations indicate that 
the reference levels for power-frequency magnetic fields are conservative guidelines relative to meeting the 
basic restrictions on current density for both public and occupational exposures.” (ICNIRP, 1999). 

17 The WHO (2007) acknowledges that the guidance recommended by ICNIRP is more restrictive than that 
recommended by ICES.  As the WHO (2007) notes “The major factor responsible for this difference [between 
the standards] is the cut-off frequency … at which thresholds for electric field strength and induced current 
density begin to rise.” 

18 The derivation of the magnetic field standard is not further addressed in this report other than the note above 
that the standard is based on short-term effects due to the inadequate evidence for long-term effects.   The 
exposures of the public to magnetic fields from transmission lines are more than 10 – 100 fold lower than the 
ICNIRP limit. 
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1 Table 4. Scientific basis of exposure limits for the general public at 60-Hz  

Organization Recommending 
Exposure Limit Health and Scientific Basis 

Threshold 
Estimate for 

Internal Electric 
field (E-field) a Safety Factor 

ICNIRP Restriction Level Effect level, not a threshold, 
for acute changes in central 
nervous system excitability.  
Applies to head and torso. 

500 mV/mc 50b 

ICES Maximum permissible 
exposure (MPE) 

Threshold for median (50%) 
probability of changes in 
synaptic response in brain, the 
most sensitive tissue, reduced 
3-fold to estimate threshold for 
a 1% response level.  Applies 
only to head 

5.9 mV/m 

 

3 

a. The standard is based on the internal or in situ E-field, called a basic restriction in both of the guidelines.  The actual 
exposure limits, expressed in kV/m, are based on the measured environmental level deemed likely to lead to that internal E-
field.  
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b. 50-fold safety factor based on a 10-fold reduction to reduce it to a level deemed unlikely to cause effects, and an additional 
5-fold for general public exposure.  (ICNIRP, 1998 p. 509) 

c. The ICNIRP basic restriction or the general public is 2 mA/m2, but has been transformed to mV/m to facilitate comparison 
with the ICES level.  

3.2.4 Implications for human health 

The underlying question for people who make decisions about public health and safety is 
whether the ICNIRP reference value (4.2 kV/m) implies greater safety simply because it is 
lower and includes a larger “safety factor.”  In developing public health standards, safety 
factors are used when uncertainty is recognized, and the general rule is that smaller safety 
factors are needed as the relevant information on risk to humans is improved.  As can be seen 
in Table 4, although ICNIRP uses a larger safety factor, it applies that factor to a higher level of 
exposure as the estimated threshold level.  ICES uses a smaller safety factor, but has used 
highly specific data on human responses, leading to a lower, presumably more precise, 
estimated threshold level.  It is essential to understand that for effects like these that have a 
threshold, the goal of the standard setting process is to set the exposure limit where no effects 
will occur in the population.  Therefore, further lowering of the exposure limit is not expected 
to have any health benefit.  For additional perspective on the question of the safety of 
exceeding ICNRIP exposure limits up to the level of the ICES limits, consider that ICNIRP 
states that EMF guidelines are conservative,19 and that the ICNIRP recommended limit for 
occupational exposure is 8.3 kV/m (ICNIRP, 1998). 

 
19  In this context ‘conservative’ means that if the reference level (the screening level) is exceeded, it does not 

necessarily follow that the basic restriction is exceeded.  ICNIRP explains: “In many practical exposure 
situations external power frequency electric fields at the reference levels will induce current densities in 
central nervous tissues that are well below the basic restrictions. Recent dosimetry calculations indicate that 
the reference levels for power-frequency magnetic fields are conservative guidelines relative to meeting the 
basic restrictions on current density for both public and occupational exposures.” (ICNIRP, 1999). 
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3.3.1 General definition 

A precautionary policy for risk management of possible, but unproven, adverse effects emerged 
in Europe in the 1970s regarding environmental issues.  The precautionary principle refers to 
the idea that, when evidence does not support the suggestion that an exposure is a cause of a 
particular disease but where a risk is perceived, precautionary measures may be taken that are 
proportional to the perceived level of risk, with science as the basis for measuring that risk.  A 
key element of precautionary approaches is the recognition that a real risk from the exposure 
may not exist, and its necessary corollary is that the reduction of exposure may not reduce the 
level of adverse effects in the population.   

The EC prepared a report to clarify what became known as “the precautionary principle” 
because it had been subject to controversy and variability in interpretation.20  The EC report 
explained that the implementation of the precautionary principle should be science based, 
starting with a complete scientific evaluation, and the range of actions taken should depend on 
the extent of the risk and the degree of uncertainty surrounding the occurrence of adverse 
effects.  The EC provided guidelines for the application of the precautionary principle or other 
risk management measures as five general principles: proportionality, non-discrimination, 
consistency, examination of costs and benefits of actions, and examination of scientific 
developments.21 

A variant of the precautionary principle called “prudent avoidance” has been favored as a 
policy option for EMF by some national and local governments.  The WHO describes this as 
“using simple, easily achievable, low to modest (prudent) cost measures to reduce individual or 
public EMF exposure, even in the absence of certainty that the measure would reduce risk” 
(WHO, 2002). 

 
20 Commission of the European Communities, Communication on the Precautionary Principle, Brussels 03 

February 2000  [http://europa.eu.int/comm./off/com/health_consumer/precaution.htm] 
21 Proportionality: "Measures...must not be disproportionate to the desired level of protection and must not aim at 

zero risk."  
Nondiscrimination: "comparable situations should not be treated differently and... different situations should not 

be treated in the same way, unless there are objective grounds for doing so."  
Consistency: "measures...should be comparable in nature and scope with measures already taken in equivalent 

areas in which all the scientific data are available."  
Examination of the benefits and costs of action or lack of action: "This examination should include an economic 

cost/benefit analysis when this is appropriate and feasible. However, other analysis methods...may also be 
relevant."  

Examination of scientific developments: "The measures must be of a provisional nature pending the availability 
of more reliable scientific data"... "Scientific research shall be continued with a view to obtaining more 
complete data." 
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The Government of Canada has published “A Framework for the Application of Precaution in 
Science-based Decision Making About Risk” (2003).  One of the basic general principles is 
that sound scientific information must be the basis for both deciding whether or not to 
implement precautionary measures, and determining what precautionary measures, if any, are 
implemented.  The document clarifies that “Scientific advisors should give weight to peer-
reviewed science and aim at sound and reasonable evidence on which to base their judgments” 
(p.8).   

3.3.3 WHO recommendations regarding precautionary measures for EMF  

The scientific evaluation completed by the WHO also discusses general policy 
strategies for risk management, and provides a summary table of different policy 
strategies worldwide specifically for EMF exposure in the general public (WHO, 
2007, Chapter 13).  The WHO recommended the following precautionary 
measures:  

• Countries are encouraged to adopt international science-based 
guidelines. 

• Provided that the health, social, and economic benefits of electric 
power are not compromised, implementing very low-cost 
precautionary procedures to reduce exposures is reasonable and 
warranted. 

• Policy-makers and community planners should implement very 
low-cost measures when constructing new facilities and designing 
new equipment including appliances. 

• Changes to engineering practice to reduce ELF exposure from 
equipment or devices should be considered, provided that they 
yield other additional benefits, such as greater safety or involve 
little or no cost. 

• When changes to existing ELF sources are contemplated, ELF 
field reductions should be considered alongside safety, reliability, 
and economic aspects 

• Local authorities should enforce wiring regulations to reduce 
unintentional ground currents when building new or rewiring 
existing facilities, while maintaining safety.  Proactive measures to 
identify violations or existing problems in wiring would be 
expensive and unlikely to be justified 
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• National authorities should implement an effective and open 
communication strategy to enable informed decision-making by all 
stakeholders; this should include information on how individuals 
can reduce their own exposure.  

• Local authorities should improve planning of ELF EMF-emitting 
facilities, including better consultation between industry, local 
government, and citizens when siting major ELF EMF-emitting 
sources.  

• Government and industry should promote research programs to 
reduce the uncertainty of the scientific evidence on the health 
effects of ELF field exposure. (adapted from pp. 372-373, WHO 
2007) 

In summary, the general recommendation of the WHO is as follows: 

Countries are encouraged to adopt international science-based 
guidelines. In the case of EMF, the international harmonization of 
standard setting is a goal that countries should aim for (WHO, 
2006).  If precautionary measures are considered to complement 
the standards, they should be applied in such a way that they do not 
undermine the science-based guidelines (p. 367). 
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4 Evaluation of recent EMF research 1 

2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 
21 
22 

23 

24 
25 
26 
27 
28 
29 
30 
31 
32 

33 

This section summarizes an up-to-date assessment of the current literature to determine 
whether recent findings are consistent with the conclusions of the scientific panels presented in 
Section 3.  Exponent 2005 reviewed the literature through December 2005; therefore, this 
assessment reviews literature published December 1, 2005 through August 31, 2007.  
Childhood leukemia, adult leukemias and lymphomas, brain cancer, breast cancer, reproductive 
and developmental outcomes, and neurodegenerative diseases are considered.   

In carrying out this update, we considered the totality of the science (not just the new 
information) to determine if changes in the national and international health risk assessments 
were warranted.  This assessment is carried out using a weight-of-evidence approach with 
standard epidemiologic principles and Hill’s guidelines as an analytic foundation.  All relevant 
research as identified below is taken into consideration and more weight is assigned to studies 
that are well designed and conducted, because studies with better methods provide stronger 
evidence.  Therefore, this assessment reflects the current knowledge of research related to EMF 
and the health concerns reviewed.   

As noted by the ICNIRP and IARC, there has been no consistent or strong evidence to explain 
how EMF exposure could affect biological processes in cells and tissues.  In addition, as 
described in Section 2.4.1 above, such data are supplementary to epidemiology and whole 
animal studies, and are not directly used by health agencies to assess risk to human health.  For 
that reason, this review systematically addresses epidemiology studies and in vivo studies, but 
relies largely on reviews and the conclusions of scientific panels with regard to studies of 
mechanism (see Section 4.6.3).    

4.1 Details of the literature search process  

A standard literature review begins with a search for relevant literature.  A structured literature 
search was conducted according to published, standard criteria (Stroup et al., 2000) using 
PubMed, a search engine provided by the National Library of Medicine and the National 
Institutes of Health that includes over 15 million up-to-date citations from MEDLINE and 
other life science journals for biomedical articles dating back to the 1950s 
(http://www.pubmed.gov).  A well-defined search strategy was used to identify epidemiologic 
publications between December 1, 2005 and August 31, 2007, as detailed in Figure 1 of the 
Appendix.  Only published, peer-reviewed studies were considered.  The literature review was 
supplemented by hand searching the reference lists of retrieved articles.   
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All fields (title, abstract, etc.) were searched for a term that referenced the exposure of interest 
(EMF, magnetic fields, electric fields, or electromagnetic) and the outcome of interest: cancer 
(cancer, leukemia, or lymphoma), neurodegenerative disease (neurodegenerative disease, 
Alzheimer's disease, amyotrophic lateral sclerosis, or Lou Gehrig's disease), or reproduction 
(miscarriage, reproduction or development).  An epidemiologist reviewed the titles and 
abstracts of these publications, 49 of which were epidemiology-related publications on 50/60-
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22 alternating current (AC) ELF-EMF and health effects.  Of these 49 publications, 27 
original studies and 1 pooled analysis were identified.  For each disease outcome discussed 
below (i.e., childhood leukemia [7 studies], adult leukemia/lymphoma [5 studies], brain cancer 
[4 studies], breast cancer [6 studies], reproductive outcomes [3 studies], and neurodegenerative 
diseases [3 studies]), the full-text of the retrieved studies was evaluated to assess the relevance 
of the study and the adequacy of its design for assessing whether exposure to EMF was 
associated with the adverse health outcome.  The following additional inclusion criteria were 
applied to the retrieved epidemiologic studies: 

1. Only case-control and cohort studies were included.  Case-series or case reports and 
analyses of perceived cancer clusters were excluded.  These study designs lack a 
control group, and generally include a small sample size, which provides little 
information for assessing causation; rather, these studies are typically only helpful for 
hypothesis generation.  

2. Included studies must address the following hypothesis in some capacity: is exposure to 
magnetic or electric fields associated with the adverse health outcome being studied? 

3. Included studies must assess EMF exposure beyond a self-reported job title.23  

The remaining studies were considered, in concert with the review panels’ conclusions, in a 
weight-of-evidence review.  When considering all of the epidemiologic reports together, 
causality is more likely if high-quality studies report dose-response patterns and consistent 
results across many different populations and study designs.  After weighing the evidence from 
each study, Hill’s criteria were used as an analytic guide for deriving a conclusion with regard 
the interpretation of reported associations.  As discussed in Section 2, a weight-of-evidence 
review assigns more weight to studies with a better design.  While there are many factors 
involved in the critical analysis of epidemiology studies, a few important tenets are recognized 
in the analytic framework of several of the major reviews and are worth mentioning (FPTRPC, 

 
22 The frequency associated with the transmission and distribution of electricity outside of the United States and 

Canada is typically 50-Hz.  One study (Roosli et al., 2007) examined exposure to 16.7-Hz magnetic fields 
among railway workers, but was still considered given that this frequency is within the ELF range.  

23 Studies that only report associations between the health outcome under investigation and job titles that are 
presumed to have high levels of magnetic field exposure were identified and scanned, but are not evaluated 
further in this report for several reasons.  First, job titles are a crude method of estimating exposure because 
they do not capture the variety of a person’s occupational history or the variety of exposures a person may 
encounter within one occupation.  Furthermore, hypothesis-generating case-control analyses that calculate 
associations for many occupations are subject to the bias associated with multiple comparisons.  These studies 
provide relatively little information in a weight-of-evidence review, particularly when studies are available 
with more thorough exposure evaluations (as is the case for the large number of studies related to magnetic 
field exposures). 
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2005; IARC, 2002).  First, the authors should clearly define the study population and the 
disease and exposure under study.  Second, it is vital to assess the impact of bias, confounding 
and chance on the study’s results.  Methodologically sound studies include those that are large 
(to decrease the role of chance and increase precision), test for relevant confounders and use 
methods that reduce the possibility of bias.  Finally, the methods and data upon which the 
conclusions of the study are based should be clearly reported and based on accepted 
techniques. 

4.2 Leukemia and lymphomas 

4.2.1 Childhood leukemia 

Childhood leukemia was the first disease investigators examined to understand its possible 
relation to magnetic field exposures in epidemiologic studies, and it remains the most 
controversial because of suggestive (but methodologically limited) epidemiologic results that 
conflict with experimental findings.  Since the first investigation in 1979, approximately 25 
epidemiologic studies have been conducted of varying methods and designs and by different 
investigators in the United States (US), Canada, Germany, the United Kingdom (UK), New 
Zealand, Denmark, Finland, Norway and Sweden that have addressed the possible association 
between childhood leukemia and magnetic fields in some facet.  When the data was combined 
from a subset of these studies into one analysis, a 1.7- to 2-fold association was reported among 
the few children exposed to long-term, average magnetic field levels greater than 3-4 mG; no 
association was reported in the lower exposure categories (Ahlbom et al., 2000; Greenland et 
al., 2000).   

After considering this body of research, multidisciplinary scientific panels concluded that long-
term exposure to magnetic fields at levels above 3-4 mG is a possible cause of childhood 
leukemia.  The panels did not conclude that magnetic fields are a known cause of childhood 
leukemia because, while the observed association does not appear to be a chance occurrence, 
they could not rule out that errors in the way these studies were conducted or the lack of control 
for unknown confounding variables are a cause of some, or all, of the observed association.  
More importantly, the data remain unconvincing for a causal association because studies 
conducted in animals have not reported consistent increases in the incidence of cancer among 
highly exposed animals, nor have investigators identified a mechanism at the cellular level 
which could explain how magnetic fields would initiate or promote carcinogenesis, or any 
other disease process.  This is reflected in the conclusion on childhood leukemia from the 
Exponent 2005 report:  

In summary, recent studies do not alter the conclusion that there is no 
consistent or convincing evidence that exposure to magnetic fields is a 
cause of childhood leukemia.  The current body of evidence for a causal 
relationship is weak, at best.  Researchers are increasingly focusing on 
new hypotheses as to what could cause childhood leukemia, including 
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whether exposure to viruses or bacteria may promote cancer (McNally and 
Eden, 2004). (p. 36) 
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The WHO reached a similar conclusion in its June 2007 report.  The report listed a causal 
relationship as one of several alternative interpretations of the association observed in 
epidemiologic studies.  The other possible explanations included random variation or chance, 
systematic errors (including selection bias and misclassification bias) and other factors that 
could confound the association.  The issue remains unresolved, and research to assess the role 
of these factors is considered important.  The WHO, as well as other scientific panels, 
recommended that future research use novel and sound methods to understand what is causing 
the observed statistical association (i.e., bias, confounding, or a real causal relationship).   

Recent studies have followed-up on this recommendation by asking tangential questions:  

• Do magnetic fields contribute to the higher rate of childhood leukemia among 
genetically susceptible children? (Mejia-Arangure et al., 2007)  

• Do magnetic fields contribute to a worse prognosis among those already diagnosed 
with childhood leukemia? (Foliart et al., 2006, 2007; Svendson et al., 2007)   

• Is the association more strongly influenced by nighttime magnetic field exposures? 
(Schüz et al., 2007)   

• Do trends in the incidence of childhood leukemia correlate with trends in average 
population magnetic field exposures? (Kheifets et al., 2006)   

The recent literature also includes two case-control studies that were conducted in non-Western 
countries, i.e., Iran and Japan (Feizi and Arabi, 2007; Kabuto et al., 2006, respectively).24  

 
24 Lowenthal et al. (2007) also included cases of leukemia among children, although most cases were among 

adults so this study is included in the adult leukemia section (Section 4.2.2).  
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In the case-control study by Feizi and Arabi (2007), interviews were conducted with the 
mothers of 60 children with leukemia and 59 children without leukemia to determine the 
distance from their home to any nearby power lines.  The study recruited cases and controls 
from hospitals, which may introduce bias.25  The investigators reported that children with 
leukemia were more likely to reside in homes within 500 meters of a transmission line 
compared to the children selected for the control group (OR=8.76, 95% CI=1.74-58.4); cases 
were also more likely to have estimated magnetic field exposures greater than 4.5 mG 
(OR=3.60, 95% CI=1.11-12.39), using standard formulas to calculate exposures from power 
lines.  

This study was based on consecutively diagnosed cases from hospitals in one city.  Its validity 
is significantly limited by its small size, possible selection bias, and lack of assessment of 
confounding variables (such as socioeconomic status and mobility), and reliance upon distance 
as a proxy for exposure.  The results are similar to, but much more limited than, the much 
larger study by Draper et al. in 2005, which reported that birth addresses of leukemia cases 
were more likely to be within 600 meters of a high-voltage transmission line.  A much higher 
percentage of children with leukemia lived in close proximity to transmission lines in the study 
by Feizi and Arabi compared with the study by Draper et al. (2005), which (according to the 
authors) is a result of housing conditions in some developing countries, including Iran.  The 
WHO concluded the following, with respect to the Draper et al. findings:  

[the] observation of the excess risk so far from the power lines, both noted 
by the authors and others, is surprising.  Furthermore, distance is known to 
be a very poor predictor of magnetic field exposure, and therefore, results 
of this material based on calculated magnetic fields, when completed, 
should be much more informative.  (p. 270) 

The same conclusions apply to Feizi and Arabi (2007).  

Kabuto et al. conducted a larger case-control study in Japan that measured the average weekly 
magnetic field level in the bedrooms of 312 children with leukemia and 603 children without 
leukemia.  The investigators reported that children with leukemia were more likely to have 
average magnetic field levels >4 mG, compared to children without leukemia.  The association 
was statistically significant (i.e., unlikely to be due to chance) when acute lymphocytic 
leukemia (ALL) was considered alone and no confounding variables were controlled for in the 
risk estimate (OR=4.67, 95% CI=1.15-19.0).  This study’s strength is its exposure assessment 
in that measurements were taken continuously over a weeklong period approximately one year 
after a diagnosis of leukemia.  There are several shortcomings of this study, however, that limit 
its overall weight in this assessment.  The intent of the study was to include all leukemia cases 
identified between 1999 and 2001 from five urban regions in Japan; however, nearly half of the 
leukemia cases declined to participate, the lowest participation rate ever reported in a case-

 
25 Studies that use hospital-recruited cases and controls (as opposed to study subjects recruited from the general 

population) are typically more prone to bias because it is difficult to identify the true source population and 
the control group is also diagnosed with conditions and illnesses, which may be related to the exposure of 
interest.    
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control study of childhood leukemia and EMF.  The participation rate for controls was also 
extremely low (16%).  Low participation is a significant source of bias because the association 
may be distorted if there are important differences between the children who participated in the 
study and those that did not (i.e., selection bias).
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26  Another limitation of this study was its 
small sample size in the highest exposure category (6 ALL cases and 3 controls had an average 
exposure >4 mG).  A small sample size makes the reported results unstable – if a few children 
are classified in the wrong exposure category, the results can change.  This is a common 
limitation of studies of childhood leukemia, in which the association depends upon the 
exposures of a few children at the upper end of the population distribution of exposure.   

The WHO considered the Kabuto et al. study in its 2007 review concluding, “The low response 
rate was a limitation of this study. Thus the addition of this study to the database will not add 
much as far as the overall results are concerned” (p. 269).  

Both the recent Iranian and Japanese case-control studies reported results that are consistent 
with the previously observed association between magnetic field exposures greater than 3-4 
mG and childhood leukemia.  When these studies are examined individually for 
methodological soundness, however, and then evaluated in the context of the entire body of 
literature, neither study provides evidence to change the conclusion that the observed 
association provides limited support for a causal relationship.  The uncertainty surrounding the 
impact of selection bias in Kabuto et al. and the small study size and crude methods for 
estimating exposure in Feizi and Arabi suggest that less weight should be placed on these 
studies relative to studies of magnetic fields and childhood leukemia that were population 
based and also had good exposure assessments, but did not have low participation rates (e.g., 
Linet et al., 1997; McBride et al., 1999; UKCCS et al., 2000).  

Nighttime exposures 

Schüz et al. conducted a pooled analysis of a subset of studies to test whether the association 
observed in the previous pooled analyses is the result of magnetic field exposures occurring 
during the nighttime hours, as reported in an earlier study by Schüz et al. (2001) in Germany. 
The analysis pooled results from studies that reported average 24- or 48-hour magnetic field 
exposure levels, including studies conducted in Canada (McBride et al., 1999), the US (Linet et 
al., 1997), Germany (Michaelis et al., 1997; Michaelis et al., 1998; Schüz et al., 2001), and the 
UK (UKCCS, 1999).  The pooled ORs reported for average 24-hour exposure levels were 
similar to those reported for average nighttime exposure levels in the categories 1-2 mG, 2-4 
mG, and >4 mG.  When analyzed alone, the only study reporting an association for nighttime 
exposures was the German study by Schüz et al. in 2001.  Thus, the authors concluded that 
nighttime exposures do not explain the observed association between exposure to high, average 

 
26 For example, if the parents of a child with leukemia were informed that the study was investigating magnetic 

field exposure and they resided close to a transmission line, they may be more likely to participate than a 
family that lived far from a transmission line.  As a result, children with leukemia that lived closer to 
transmission lines (and with a presumably higher magnetic field exposure) would be over-represented in the 
study population compared to the source population.  In this scenario, the study may report that children with 
leukemia are more likely to have higher magnetic field exposure when, if the entire source population of 
leukemia cases had participated, there would be no difference in the exposure levels between leukemia cases 
and controls. 
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magnetic field levels and childhood leukemia.  A recent experimental study in mice 
predisposed to develop lymphoma also reported that mice exposed to magnetic fields only at 
night exhibit no increased risk of cancer (Sommer and Lerchl, 2006). 

Magnetic fields and leukemia survival 

Foliart and colleagues tested a new hypothesis: among children already diagnosed with ALL, is 
exposure to higher, average magnetic field levels associated with a worse prognosis (i.e., a 
shorter survival time or more relapses, secondary malignancies, or treatment failures)?  
Magnetic field exposure was assessed in 386 children diagnosed with ALL, using a personal 
monitor for a 24-hour period shortly after diagnosis.  Increasing exposure was not associated 
with more events (death, relapse, secondary malignancy, or treatment failure), overall.  There 
was a statistically significant hazard ratio, however, for magnetic field exposure >3 mG and 
death (from any cause) compared to 

11 
>1 mG, but the result was based on only four deaths and 

there was only borderline evidence for a dose-response relationship in multivariate analyses 
(p=0.06).  A subsequent publication on the same study population reported that magnetic field 
exposure 
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>3 mG was not associated with markers of poorer ALL prognosis (e.g., particular 
chromosomal rearrangements, clinical factors such as platelet counts, etc.), suggesting that the 
association observed in the earlier study is not caused by a magnetic-field effect on these 
variables (Foliart et al., 2007).  The studies were limited by a very low participation rate (29%), 
small numbers in the highest exposure categories, and the lack of prospective information on 
magnetic field levels among residentially mobile children.  After noting these limitations, the 
authors concluded: 
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Although we report poorer survival among children with the 
highest MF exposure category, clinical inferences are limited, with 
results possibly attributable to chance alone.  Independent 
confirmation is needed, as our study is the first to look at relapse 
and survival and thus our findings can be viewed only as 
hypothesis generating (p. 164).   

Shortly after the publication of the studies by Foliart et al., Svendsen et al. (2007) evaluated the 
same hypothesis on a group of 486 German children with ALL assembled from previous case-
control studies conducted in Lower Saxony, Berlin, and the former West Germany (Michaelis 
et al., 1997; Michaelis et al., 1998; Schüz et al., 2001, respectively).  Svendsen et al. used the 
same general methods as Foliart et al., although exposure was based on measurements taken in 
the child’s bedroom up to a few years after diagnosis.  The results from this study were 
generally consistent with those reported by Foliart et al.; an elevated hazard ratio for overall 
survival (and not event-free survival) was reported for persons exposed to >3 mG (OR=2.8, 
95% CI=0.4-20.6, based on 1 death).  Associations were also reported for the exposure 
categories 1-2 mG (OR=2.8, 95% CI=1.2-6.2, based on 7 deaths) and >2 mG (OR=3.0, 95% 
CI=0.9-9.8, based on 3 deaths).   
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The interpretation of these results, similar to Foliart et al., is limited by low participation rates, 
small numbers in the highest exposure categories, and the lack of relevant and prospective 
information on magnetic field exposures (measurements were made in the house where the 
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child lived the longest before diagnosis).  Furthermore, the associations reported in this 
analysis are puzzling because magnetic field exposures in the range of 1-2 mG are common.   
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Other childhood leukemia studies  

Mejia-Arangure and colleagues conducted a series of studies in Mexico City to investigate 
what environmental factors (including maternal smoking, maternal drinking, or residential 
magnetic field exposure) might contribute to the development of childhood leukemia in 
children with Down’s syndrome (Mejia-Arangure et al., 2003; 2007).  Children with Down’s 
syndrome are 10-20 times more likely to develop childhood leukemia (Hitzler and Zipursky, 
2005; Ross et al., 2005).  Thus, the intent of these analyses was to determine whether there is 
an association between magnetic field exposure and childhood leukemia among a population 
that is believed to be genetically susceptible.  The small case-control study compared spot 
measurements taken at the front door of the homes of children who had both Down’s syndrome 
and leukemia (N=42) with similar measurements taken at the homes of children with only 
Down’s syndrome (N=124).  The 42 children with Down’s syndrome who developed leukemia 
were more likely to have spot measurements greater than 6 mG, although no association was 
observed for the lower magnetic field exposure categories >1-3.99 mG and 4.00-5.99 mG.  The 
authors concluded that these results suggest, “genetic susceptibility to leukemia may modify an 
effect of magnetic fields” (p. 160).  As noted by the investigators, however, the study’s 
weaknesses include its small size and crude exposure assessment.     

Some investigators have cited parallel increases in the incidence of childhood leukemia and 
electric consumption over time to support an association between magnetic fields and 
childhood leukemia (Milham and Ossiander, 2001).  This is referred to as an ecological study, 
in which an association is estimated using variables measured on populations and not 
individuals (i.e., average energy consumption and annual leukemia incidence rates).  Kheifets 
et al. (2006) re-examined this question using ecological data for the US and the UK.  The 
investigators concluded that, while there has been a parallel increase, changes in other suspect 
causes of childhood leukemia and patterns in the reporting and diagnosis of leukemia, as well 
as the many assumptions involved with estimating changes in magnetic field exposure, 
preclude any definitive conclusions.  The inability of ecological data to be directly extrapolated 
to individuals is a well known limitation of this type of data (i.e., ecologic fallacy), and, for this 
reason, epidemiologists give individual-level data much more weight than data collected from 
populations.  

Conclusion  

The recently published studies reported an association between childhood leukemia and 
residence within 500 meters of a transmission line and magnetic field levels greater 
than approximately 4 mG, but there was no dose-response relationship and small 
numbers in the upper exposure categories limit inferences.  New studies also suggest 
that there may be an association between overall survival after a diagnosis of leukemia 
and average magnetic field levels greater than 4 mG, although no associations were 
observed between clinical indices of poorer survival and magnetic field exposure.  
None of these recent studies, however, are sufficiently strong methodologically to alter 
previous conclusions that the epidemiologic evidence on magnetic fields and childhood 
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leukemia is limited.  Chance, confounding, and several sources of bias cannot be ruled 
out.   
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It is also important to recognize these studies address just one of the many exposures 
being studied with respect to the etiology of childhood leukemia, including pesticides, 
benzene, paternal alcohol consumption, ionizing radiation and infections (McNally and 
Parker, 2006).   

4.2.2 Adult leukemias and lymphomas 7 

The epidemiologic findings for leukemia in adults are quite different from those observed in 
children.  A large number of studies have been conducted on adult leukemia of varying quality 
and with varying exposure metrics, study designs and sources of exposure.  Some older studies 
reported positive associations, although (as noted by the ICNIRP in 2001) there was no pattern 
between higher quality studies being more or less likely to report a positive association.  Thus, 
review panels concluded that the evidence in support of an association between adult leukemia 
and magnetic fields was “weak” (ICNIRP, 2001) and “inadequate” (IARC, 2002).  The group 
of studies published from 2001 to 2005 and considered in Exponent 2005 found no evidence to 
support an association; the report concluded that “the consistent absence of an association 
between adult leukemia and magnetic field exposure in studies published since 2001 adds 
support to the earlier conclusions of review panels that there is weak evidence for an 
association” (p. 38).  Considering nearly the same body of studies and updating the IARC 2002 
report, the WHO concluded,  

In the case of adult brain cancer and leukaemia, the new studies published 
after the IARC monograph do not change the conclusion that the overall 
evidence for an association between ELF and the risk of these diseases 
remains inadequate [Note: Inadequate evidence describes a body of 
research where it is unclear whether the data is supportive or unsupportive 
of causation because there is a lack of data or there are major quantitative 
or qualitative issues]. (p. 307)27  

Five studies have been published since 2005 that report on exposure to magnetic fields in 
relation to adult leukemia (Johansen et al., 2007; Lowenthal et al., 2007; Roosli et al., 2007) or 
lymphomas (Karipidis et al., 2007a; Mester et al., 2006; Roosli et al., 2007).28  Mester et al. 
(2006) was excluded from this review because exposure was based solely on self-reported 
occupation and industry.  Three of the remaining studies assessed occupational magnetic field 
exposure in cohort studies of electrical utility workers (Johansen et al., 2007) and railway 
workers (Roosli et al., 2007) and in a case-control study of non-Hodgkin’s lymphoma (NHL) 
(Karipidis et al., 2007a).  All three studies utilized a job-exposure matrix to estimate 
occupational magnetic field exposure.  Lowenthal et al. addressed residential exposure, using 

 
27 The WHO (2007) review offers no conclusions specific to lymphoma.  
28 Lymphomas and leukemias are together considered lymphohematopoietic cancers (i.e., cancers of the lymph 

and blood-forming organs).  Exponent 2005 did not consider lymphomas separately; however, they are 
considered in this report as a separate disease entity for completeness.  
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distance as a surrogate for magnetic field exposure.  The study grouped cases of some types of 
leukemias and lymphomas as ‘lymphoproliferative disorders’ and groups of other types of 
leukemia and diagnoses as ‘myeloproliferative disorders.’   
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The two cohort studies are updates of previously published studies.29  Roosli et al. extended 
follow-up of a cohort of 20,000 Swedish railway workers by nine years.  Each of the 20,000 
men in this cohort was assigned a cumulative magnetic field exposure by linking the cohort 
member’s occupational history with exposures based on measurements and modeling.  Also, 
leukemia and lymphoma mortality was compared between stationmasters (who spent most of 
their time in the station and on the platforms) and train attendants (who were exposed to 
magnetic fields from the 16.7-Hz AC engines).  It was assumed that, if magnetic fields were 
associated with disease, higher mortality would be observed among the train attendants 
compared to the stationmasters.  The previous publication on this cohort provided some 
evidence to support an association between leukemia mortality and increased magnetic field 
exposure (Minder and Pfluger, 2001).  The current study, however, which was based on 29 
additional deaths due to leukemia, did not report an association between overall leukemia 
mortality and increasing magnetic field exposure.  Increased hazard ratios were reported for 
myeloid leukemias with some features of a dose-response relationship, however, chance could 
not be ruled out as an explanation for this finding.  The second cohort update reported on 
approximately 28,000 workers employed by utility companies in Denmark (Johansen et al., 
2007).  These workers were followed for the incidence of cancer and classified into magnetic 
field exposure categories (high, medium and background) based on their first reported job title.  
The authors reported that male employees in high exposure jobs were no more likely to be 
diagnosed with leukemia than persons in medium or background exposure jobs.   

Roosli et al. was limited by the use of death certificate data30 and small numbers, while 
Johansen et al. was based on a relatively large number of incident cancer cases.  Neither cohort 
controlled for possible confounding factors.  Both cohorts, however, had a long period of 
follow-up and consisted of persons who were occupationally exposed to high levels of 
magnetic fields.   

Lowenthal et al. grouped cases in five cancer diagnostic categories (including ALL) as 
lymphoproliferative disorders (LPD), and cases of three diseases (including some types of 
leukemia) as myeloproliferative disorders (MPD).  These groups included both adults and 
children of all ages.  They estimated exposure by obtaining a lifetime residential history and 
assessing distance of the residences from any of three types of power lines (88 kV, 110 kV, or 
220 kV).  An individual’s exposure was based on the closest distance ever having lived from a 
power line, grouped in categories of 0-50 meters, 51-300 meters, and >300 meters.  They 
reported elevated ORs for those who lived within 50 meters of any of these power lines, and an 

 
29 Extending follow-up in a cohort study means that the cohort is followed for an additional period of time beyond 

the last publication.  Cohort updates provide valuable information because the longer a cohort is followed, the 
more follow-up time and events are available, resulting in increased power and larger numbers.     

30 Death certificates may not always contain the diagnosis of interest because they may only report immediate, and 
not underlying, causes of death.  Furthermore, survival is increasing for many cancers and lymphomas. Thus, 
if a person survives their cancer, the cancer diagnosis will not be listed on their death certificate.  Both of 
these limitations result in an under-ascertainment of cases, which could bias risk estimates toward 1.0.  
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indication of decreasing ORs with increasing distance.  However, the numbers were small and 
the results were imprecise (i.e., wide CIs).  Chance could not be ruled out as a factor in any of 
these results.  They also reported an increased OR when only considering exposures that 
occurred up to the age of 15; the authors presented the concept of a possible effect of childhood 
exposure on long-term disease risk as a “novel finding” deserving further study. 

This study of LPD and MPD included many limitations that may introduce bias, reduce validity 
and detract from its findings (Lowenthal et al., 2007).  For example, data was obtained from 
cases by interview, using trained interviewers, but information was obtained from controls by 
postal questionnaires, thus breaking a cardinal rule in epidemiology that information from 
cases and controls should be obtained in the same manner.  The distance measure, a poor 
surrogate for residential magnetic fields exposure, is further reduced in value because the 
power lines in question were at three different voltages.  If, as is likely, these lines carried 
different loads, then magnetic fields at any given distance would differ among the lines.  

As the discussions above and previous sections illustrate, epidemiologic studies typically 
evaluate each different type of cancer individually.  There are many reasons why studies of 
EMF have not combined different types of cancer, or adults and children, together as 
Lowenthal et al. have done.  This is because differences among cancers in patterns of age at 
diagnosis, cell type, rate of growth and response to different treatments illustrate the unique 
aspect of each cancer diagnosis.  Therefore, studies of possible causes are studied separately for 
each type of cancer because each cancer has a distinct etiology.  The reported findings from 
Lowenthal et al. are based on combined disease types and age groups, whereas adults and 
children typically have different patterns of leukemia.  The combination of different diseases 
and age groups, the highly imprecise exposure surrogate, the different methods for evaluating 
cases and controls, and the role of chance diminish the implications of the findings from this 
study.  

In conclusion, the recently published updates of large cohorts occupationally exposed to 
magnetic fields are in line with the previous summary conclusions from IARC, ICNIRP, WHO, 
and Exponent 2005.  The cumulative body of evidence does not support an epidemiologic 
association between magnetic fields and adult leukemia.  Lowenthal et al. reported findings for 
distance from power lines that cannot be distinguished from a chance finding.  The reported 
association between early exposure and later cancer cannot be evaluated without additional 
testing. 

Roosli et al. also reported on lymphoma mortality, including Hodgkin’s disease and NHL.  
Increased hazard ratios were reported for Hodgkin’s disease with some features of a dose-
response relationship, however chance could not be ruled out as an explanation for this finding, 
as the results were based on only 15 deaths spread among the 5 occupational groups.   

The case-control analysis by Karipidis et al. enrolled persons diagnosed with NHL in New 
South Wales and a similar group of persons randomly selected from electoral rolls.  Most 
eligible persons participated and cumulative occupational magnetic field exposure was 
estimated from a job-exposure matrix.  NHL patients were slightly more likely to have the 
highest cumulative magnetic field exposure (OR=1.48, 95% CI=1.02-2.16).  Overall, this study 
was well conducted, with its most significant limitation being the possibility of uncontrolled 
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confounding because little is known about the causes of NHL.  This is one of the first 
population-based studies examining an association between NHL and magnetic field exposure 
using calculated exposure estimates.  Therefore, it is still a hypothesis-generating study,
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31 and 
further research is required before any conclusions can be provided.   

4.3 Other cancers  

4.3.1 Brain cancer  

Some early studies reported associations between magnetic field exposures and brain cancers, 
although consistent results were not reported and no patterns were identified between positive 
studies, causing the panels to conclude that the evidence is weak and inadequate (IARC 2002; 
ICNIRP 2003).  Exponent 2005 concluded that the recent body of literature at that time 
provided no convincing evidence of an association.  Several, large cohort studies with good 
exposure assessment techniques reported no increased risks (Sorahan et al., 2001; Hakansson et 
al., 2002), and where an association was found, it was reported only for a particular sub-group 
with small numbers.  Exponent 2005 concluded, “recent research supports the consensus that 
there is no cause-and-effect relationship between magnetic field exposure and brain cancer” (p. 
40).  Similarly, the WHO concluded,  

In the case of adult brain cancer …, the new studies published after the 
IARC monograph do not change the conclusion that the overall evidence 
for an association between ELF and the risk of these diseases remains 
inadequate [Note: Inadequate evidence describes a body of research where 
it is unclear whether the data is supportive or unsupportive of causation 
because there is a lack of data or there are major quantitative or qualitative 
issues] (p. 307). 

Four studies have been published since 2005 that report on exposure to magnetic fields in 
relation to adult brain cancer, including the two cohort updates described above (Johansen et 
al., 2007; Roosli et al., 2007) and two case-control studies of specific brain cancer types, 
gliomas and acoustic neuromas (Forssén et al., 2006; Karipidis et al., 2007b, respectively).  All 
four studies examined occupational magnetic field exposure using a job-exposure matrix.  

No association was reported between brain cancer incidence or mortality and high magnetic 
field exposures encountered as a utility worker or railway worker in the two recent cohort 
updates (Johansen et al., 2007; Roosli et al., 2007).  Details of these studies are reported above 
in the adult leukemia/lymphoma section.   

 
31 Studies generate and test scientific questions, or hypotheses.  The first studies reporting results on a specific 

scientific question are called hypothesis-generating to highlight that there is little available data with which to 
compare the results.  In addition, certain study designs are useful for screening different hypotheses but are 
not specific enough to produce results definitive enough for assessing cause-and-effect.  Therefore, 
hypothesis-generating studies cannot provide strong conclusions because the questions being considered 
require further study.   
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In a case-control study of gliomas in Australia, Karipidis et al. used three different techniques 
to estimate exposure among glioma cases and controls: self-reported exposure, industrial 
hygienist interpretation, and a job-exposure matrix.  No significant differences in exposures 
estimated through self-report and job exposure matrices were reported between cases and 
controls; however, cases were more likely to be classified in the highest exposure category for 
exposures rated by an industrial hygienist, but the association was not statistically significant.  
This study had a number of significant limitations (low participation rates and a high 
percentage of proxy interviews among cases) that may have influenced the findings.   
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Forssén et al. is the first case-control study to report on the association between magnetic field 
exposure and acoustic neuroma, a benign (non-cancerous) and rare brain tumor for which 
causes are unknown.  The large study consisted of all diagnoses of acoustic neuroma in Sweden 
over a 12-year period (N=793) and controls randomly selected from the entire Swedish 
population (N=101,762).  Magnetic field exposure was estimated by the average fields in the 
person’s occupation, and occupation was the one listed on the country’s census forms.  The 
authors did not find any evidence that magnetic field exposure increases the risk of acoustic 
neuroma, regardless of the exposure level or the time period considered.  This study was 
advanced because selection bias, recall bias, and participation bias were not an issue; however, 
incomplete occupational data was an important limitation.  

The recently published studies do not support a role for magnetic fields in the etiology 
of brain cancer.  Thus, recent studies add support to the previous weight-of-evidence 
review conclusions that the data does not indicate a cause-and-effect relationship 
between magnetic fields and brain cancer. 

4.3.2 Breast cancer  

Since December 2005, two case-control studies have estimated the association between 
magnetic field exposure and breast cancer, both of which focused on occupational magnetic 
field exposures (McElroy et al., 2007; Ray et al., 2007).32  Two additional studies evaluated 
occupational magnetic field exposure, but are not considered further in this report because the 
exposure assessment did not extend beyond job titles.  The excluded studies include a brief 
report of a proportionate mortality analysis conducted on a select group of occupational titles 
the authors believed to be associated with electric typewriter use (Milham and Ossiander 2007) 
and a case-control study of female breast cancer reporting associations for a wide range of 
occupations and industries (Peplonska et al., 2007). 

Questions about the effect of job-related exposures on breast cancer risk were first addressed 
among men in electrical occupations.  Occupational exposures among women were initially 
more challenging to study given the rarity of females employed in electrical occupations and 
the lack of magnetic field exposure data collected specifically for female occupations.  Some of 

 
32 An additional case-control study was published post-2005 that examined residential magnetic field exposure and 

breast cancer (Davis and Mirick, 2007), although it was not fully evaluated in this report because it was a re-
analysis of a study published by the same investigators in 2001 (Davis et al., 2001a) with the addition of a few 
variables.  
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the initial studies reported a weak association; however, the association was often restricted to 
a particular sub-group but showed no consistent pattern across studies.  These initial analyses 
were limited by incomplete occupational histories and crude estimates of magnetic field 
exposure (e.g., job title from a death certificate).  As noted in Exponent 2005 and in the recent 
reviews by the WHO and SCENIHR, later studies were more methodologically sound and did 
not provide evidence in support of an association between occupational magnetic field 
exposure and breast cancer (Labreche et al., 2003; Kliukiene et al. 2004; Forssén et al., 2005).  
In particular, scientific review panels have placed more weight on the large study by Forssén et 
al. in 2005 because it was the first and only study to estimate magnetic field exposure using 24-
hour measurements in a representative sample of female occupations (SCENIHR, 2007; WHO, 
2007).  This conclusion was summarized in Exponent 2005 as follows:   

This recent body of research was higher in quality compared with previous 
studies, and, for that reason, provides strong support to previous consensus 
statements that magnetic field exposure does not appear to influence the 
risk of breast cancer. (p. 41)  

In 2007, McElroy et al. evaluated whether occupational exposures to high, low, medium, or 
background EMF levels (estimated qualitatively by an industrial hygienist) were different 
between a large number of breast cancer cases and controls.  The authors reported increasing 
risk with increasing categories of exposure (low, medium and high), but the ORs were very 
small and not statistically significant (1.05, 1.11, and 1.17, respectively).  Given the limitations 
of this analysis, these results do not provide strong support for an association.   

Ray et al. (2007) was a nested case-control study in a cohort of approximately 250,000 textile 
workers in China followed for breast cancer incidence; breast cancer cases were no more likely 
than the women in the cohort who did not develop breast cancer to have EMF-exposed jobs.  
The strength of the study was its large size and nested design, but, as noted by the authors, 
“duration of employment in EMF-exposed jobs was too crude a dose metric to detect a weak to 
modest association” (p. 390).  According to the authors, research will continue on this Chinese 
cohort to estimate exposure quantitatively.   

Melatonin Hypothesis 

The mechanism hypothesized by some investigators to explain a relationship between breast 
cancer and magnetic field exposure involves a decrease in the production of a hormone called 
melatonin induced by magnetic fields, which (according to the theory) could result in cancer 
because of melatonin’s putative anti-carcinogenic effects and its regulatory control of 
reproductive hormones such as estrogen.  This idea was proposed in the late 1980s and is now 
referred to as the “melatonin hypothesis.”  The hypothesis has received considerable attention 
with regard to in vitro, in vivo, and epidemiologic investigations into whether 1) magnetic 
fields could decrease melatonin levels, and 2) a decrease in melatonin levels could lead to 
cancer.  The HPA published an extensive weight-of-evidence review in 2006 that evaluated the 
available experimental and epidemiologic evidence related to the melatonin hypothesis (HPA, 
2006).  The review concluded that there is no consistent evidence in experimental or 
epidemiologic studies to suggest that magnetic fields can alter melatonin levels.  In vitro and in 
vivo studies have suggested that melatonin can limit growth of cancer cells, however, 
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epidemiologic data linking reduced melatonin levels to subsequent breast cancer risk is limited.  
Consistent with our evaluation and the reports from other review panels, the review also 
concluded that the epidemiologic evidence does not support an association between magnetic 
fields and breast cancer.  Taking all of this evidence together, the review concluded the 
following:  
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In aggregate, the evidence to date does not support the hypothesis that 
exposure to power frequency EMFs affects melatonin levels or risk of 
breast cancer. (p. 161).  

The HPA review included a series of studies related to the role of melatonin in the etiology of 
breast cancer conducted by a group of investigators in Seattle (Davis and Mirick, 2006).  The 
initial case-control study by these investigators reported no association between residential 
magnetic field exposure and breast cancer (Davis et al., 2001a), but an extension of this study 
reported that urinary levels of a melatonin metabolite (6-sulfatoxymelatonin) were reduced in 
persons with higher magnetic field measurements in the bedroom, although the results were 
only statistically significant when considered among persons taking medications known to 
reduce melatonin levels (Davis et al., 2001b).33  To explore this result further, a re-analysis of 
the 2001 case-control study evaluated whether the association between breast cancer and 
residential magnetic field exposure was more pronounced among persons reporting medication 
use; no significant association was reported when medication users were considered alone 
(Davis and Mirick, 2007).  A cross-over experiment, however, by the same group of 
investigators reported statistically lower urinary levels of 6-sulfatoxymelatonin in women 
exposed to controlled magnetic field levels over the course of five consecutive nights (Davis et 
al., 2006).  The latter investigations were not considered in the HPA review, although when 
considered with the entire body of research, they do not provide sufficient evidence to alter the 
conclusion that neither epidemiologic nor experimental data support a role for melatonin in the 
etiology of breast cancer.     

Thus, recent studies do not provide strong evidence to support the conclusion that magnetic 
fields experienced in the workplace cause breast cancer (McElroy et al., 2007; Ray et al., 2007) 
or that magnetic fields cause breast cancer through a melatonin-driven pathway (Davis and 
Mirick, 2007; Davis et al., 2006).  The conclusion from Exponent 2005 remains: “the weight of 
the available epidemiologic evidence to date does not support the hypothesis that EMF is a 
cause of breast cancer” (p. 45).  

 
33 The HPA review considered these results in their evaluation, along with other epidemiologic investigations 

correlating magnetic field exposure and 6-sulfatoxymelatonin, noting that the evidence is not strong because 
associations were only reported in specific sub-groups (i.e.., medication users).   
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This conclusion is consistent with a recently published review of the literature by Feychting 
and Forssén (2006) in Sweden, which concluded the following:  

… considering the results of the latest well designed studies 
performed specifically to test the hypothesis that ELF magnetic 
field exposure increase breast cancer risk, one must conclude that 
the weight of the evidence available today suggest that power 
frequency magnetic field exposure most likely is not a risk factor 
for breast cancer development. (p. 557)  

4.4 Reproductive and developmental outcomes 

With regard to reproductive and developmental outcomes, Exponent 2005 focused on two 
studies that received considerable attention because of a reported association between peak 
magnetic field exposure and miscarriage, a prospective cohort study of women in early 
pregnancy (Lee et al., 2002) and a nested case-control study of women who miscarried 
compared to their late-pregnancy counterparts (Li et al., 2002).  The authors focused on a 
statistical association with peak exposures, although no association was found for average 
exposures.   

These two studies improved on the existing body of literature because average exposure among 
the pregnant women was assessed using 24-hour personal magnetic field measurements (early 
studies on the potential effect of magnetic fields on miscarriage were limited because they used 
surrogate measures of exposure, including visual display terminal use, electric blanket use or 
wire code data).  Following the publication of these two studies, however, a hypothesis was put 
forth that the observed association may be the result of behavioral differences between women 
with healthy pregnancies (less physically active) and women who miscarried (more physically 
active) (Savitz et al., 2002).  It was proposed that physical activity is associated with an 
increased opportunity for peak magnetic field exposures, and the nausea experienced in early, 
healthy pregnancies and the cumbersomeness of late, healthy pregnancies would reduce 
physical activity levels, thereby decreasing the opportunity for exposure to peak magnetic 
fields.  The scientific panels that have considered these studies concluded that the possibility of 
this bias precludes making any conclusions about the effect of magnetic fields on miscarriage 
(NRPB, 2004; FPTRPC, 2005; WHO, 2007).  The WHO concluded, “There is some evidence 
for increased risk of miscarriage associated with measured maternal magnetic field exposure, 
but this evidence is inadequate” (p. 254).  Similarly, Exponent 2005 concluded, “no strong 
research has been published post-2001 in support of a cause-and-effect relationship between 
magnetic field exposure and miscarriage” (p. 46).     

It is not possible to directly “test” for the effects of this bias in the original studies, but two 
recent analyses examined whether reduced physical activity was associated with a lower 
probability of encountering peak magnetic fields (Mezei et al., 2006; Savitz et al., 2006;).  In a 
study of seven-day personal magnetic field measurements in 100 pregnant women, Savitz et al. 
reported that active women were more likely to encounter peak magnetic fields.  This finding 
supports the hypothesis that reduced activity among women in early pregnancies because of 
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nausea and later pregnancies because of cumbersomeness may explain the observed association 
between peak magnetic fields and miscarriage.  In addition, an analysis by Mezei et al. of pre-
existing databases of magnetic field measurements also found that increased activity levels 
were associated with peak magnetic fields (Mezei et al., 2006).   

Thus, these two recently published studies support Savitz’s hypothesis that the associations 
observed in Lee et al. and Li et al. were due to a bias and there is no convincing epidemiologic 
evidence linking magnetic field exposure to the risk of miscarriage.  Furthermore, there 
remains no biological basis to indicate that magnetic field exposure increases the risk of 
miscarriage (see Section 4.6.2).  

An additional study was recently published related to developmental outcomes.  Fadel et al. 
(2006) conducted a cross-sectional study in Egypt of 390 children 0-12 years of age living in an 
area within 50 meters of an electrical power line and 390 children 0-12 years of age living in a 
region with no power lines in close proximity.  Measurements were taken as proxies of growth 
retardation, and radiological assessments were performed on carpal bones.  The authors 
reported that children living in the region near power lines had a statistically significant lower 
weight at birth and a reduced head and chest circumference and height at all ages.  The authors 
concluded that “exposure to low frequency electromagnetic fields emerged (sic) from high 
voltage electric power lines increases the incidence of growth retardation among children” (p. 
211).  However, this conclusion fails to adequately take into account the many limitations of 
their cross-sectional analysis (namely, inadequate control for the possible confounding effects 
of nutritional and socioeconomic status) and the pre-existing body of literature, which does not 
support such an association (WHO, 2007).  The WHO concluded in 2007 that “Overall the 
evidence for developmental effects and for reproductive effects is inadequate” (p. 254). 
Furthermore, this study does not provide sufficient evidence to alter that conclusion.  Recent 
studies of animals in vivo, summarized in Section 4.6, also do not provide evidence to change 
the conclusions expressed by the WHO.  

4.5 Neurodegenerative diseases  27 

Neurodegenerative diseases were not systematically evaluated in Exponent 2005 because the 
report was primarily structured as a rebuttal to another expert’s opinions, which did not include 
any statements regarding neurodegenerative disease.  For completeness, the epidemiologic 
literature related to neurodegenerative diseases and magnetic field exposure is evaluated in this 
section.   
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Research into the possible effects of magnetic fields on the development of neurodegenerative 
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34  The WHO evaluated this body of research in their 2007 report; in addition, the 
National Radiation Protection Board of Great Britain (NRPB) published a report in 2001 that 
specifically addressed neurodegenerative diseases.  The conclusions of the WHO and NRPB 
reports were used to summarize and evaluate the body of literature published pre-2005; three 
epidemiologic studies were identified in the literature search post-2005 (Davanipour et al., 
2007; Seidler et al., 2007; Sorahan and Kheifets, 2007), and these studies are evaluated to 
determine whether they are consistent with the conclusions of previous weight-of-evidence 
reviews.  

Alzheimer’s disease 

The WHO classified the evidence in support of an association between magnetic field exposure 
and Alzheimer’s disease as “inadequate” (p. 206, WHO, 2007).  The NRPB noted the 
inconsistency of the studies and concluded that there is “only weak evidence to suggest that it 
[i.e., ELF magnetic fields] could cause Alzheimer’s disease” (p. 20, NRPB, 2001b).  The first 
studies to generate the hypothesis of a link with Alzheimer’s disease reported a 2-fold 
association between Alzheimer’s disease and persons thought to be highly exposed in their 
occupations.  This series of studies, however, was limited by a number of important biases 
including possible selection bias, lack of validation of exposure, and the use of proxy 
respondents to ascertain occupational history (Sobel et al., 1995; Sobel et al., 1996).   

Subsequent studies did not consistently support an association between occupational magnetic 
field exposure and Alzheimer’s disease, although these studies continued to have significant 
methodological limitations that make them difficult to interpret.  The onset of Alzheimer’s 
disease occurs late in life and is difficult to define precisely because it is preceded by a period 
of dementia that is difficult to distinguish from other etiologies, such as cerebrovascular 
disease.  Since magnetic field exposure occurs throughout a person’s life, it is a challenge to 
design studies that ascertain lifetime exposure accurately and at the etiologically relevant time 
period (Brown et al., 2005).  A large portion of these studies relied on crude estimates of 
exposure such as occupational titles reported on death certificates (Savitz et al., 1998a), 
occupational titles from census data (Feychting et al., 2003; Hakansson et al., 2003), and proxy 
respondents (Feychting et al., 1998; Qiu et al., 2004).  An additional complication is that a 
number of these studies used death certificates to ascertain cases (Savitz et al., 1998a,b; 
Johansen and Olsen, 1998; Feychting et al., 2003).  Use of death certificates or other mortality 
data is likely to result in a large number of missed cases, and therefore possible bias, because a 
large percentage of elderly Alzheimer’s patients die from other causes and Alzheimer’s disease 

 
34 A few epidemiologic studies have also been conducted on Parkinson’s disease and multiple sclerosis, although 

since initial studies did not report suggestive results, subsequent publications focused on Alzheimer’s disease 
and ALS.   The WHO concluded the following with respect to Parkinson’s disease and multiple sclerosis: “No 
study has provided clear evidence of an association with above-average exposure to extremely low frequency 
EMFs and, in the absence of laboratory evidence to the contrary, it seems unlikely that such field are involved 
in the disease.” (p. 203)  
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may not be mentioned on the death certificate (Brown et al., 2005).  Furthermore, none of these 
studies estimated residential exposure and most did not control for the possible confounding 
effect of other risk factors for Alzheimer’s disease (increasing age, family history, Down’s 
syndrome, and a genetic predisposition).  After considering the entire body of literature and its 
limitations, the WHO report concluded,  

When evaluated across all the studies, there is only very limited 
evidence of an association between estimated ELF exposure and 
[Alzheimer’s] disease risk (p. 194).  

ALS 

Early studies on ALS, which had no obvious biases and were generally well conducted, 
reported some suggestive findings.  The review panels, however, were hesitant to conclude that 
the associations provided strong support for a causal relationship between ALS and 
occupational magnetic field exposure.  Rather, the reviewers felt that an alternative explanation 
(i.e., electric shocks) may be the source of the observed association. The NRPB concluded: “In 
summary, the epidemiologic evidence suggests that employment in electrical occupations may 
increase the risk of ALS, possibly, however, as a result of the increased risk of receiving an 
electric shock rather than from the increased exposure to electromagnetic fields” (p. 20, NRPB, 
2001b).  The WHO reported a similar conclusion, specifically recommending that additional 
work be carried out to clarify the role of magnetic fields and/or electrical shocks in the etiology 
of ALS.  

Recent studies  

Three studies were published following the studies reviewed by the WHO report.  Davanipour 
et al. extended the early hypothesis-generating study by Sobel et al. by collecting cases from 
eight California Alzheimer’s Disease Diagnostic and Treatment Centers (Sobel et al. examined 
the 9th Center in 1996).  Occupational information was collected from verified diagnoses of 
Alzheimer’s disease and compared to occupational information collected from persons 
diagnosed with other dementia-related problems at the Centers.  The results of this study were 
consistent with the previous studies by Sobel et al.; cases were approximately twice as likely to 
be classified as having medium/high exposures, compared with controls.  The strengths of this 
study included its large size and that disease status was based on expert diagnosis.  The main 
limitation was that the exposure assessment only considered a person’s primary occupation, 
classified as low, medium or high exposure.  The WHO noted other limitations of the 1996 
publication that are relevant to this publication as well, including the use of controls with 
dementia (which some studies found had an increased risk of Alzheimer’s disease) and the 
classification of seamstresses, dressmakers and tailors as “high exposure” occupations which 
drives the increase in risk.  Seidler et al. conducted a similar case-control study in Germany, 
except cases included all types of dementia (55% of which had Alzheimer’s disease).  
Cumulative magnetic field exposure was estimated from occupational histories taken from 
proxy respondents, and no difference was reported between cases of dementia or probable 
Alzheimer’s disease and controls (although an association was reported among electrical and 
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electronics workers).  The authors reported that exposure misclassification was likely to be a 
significant problem, and concluded that their results indicate a strong effect of low-dose EMF 
is “rather improbable.” (p. 114)     

Sorahan and Kheifets followed a cohort of approximately 84,000 electrical and generation 
workers in the UK for deaths attributed to neurodegenerative disease on death certificates.  
Cumulative magnetic field exposure was calculated for each worker, using job and facility 
information.  The authors reported that the cohort did not have a significantly greater number 
of deaths due to Alzheimer’s disease or motor neuron disease, compared to the general UK 
population.  They also reported that persons with higher estimated magnetic field exposures did 
not have a consistently greater risk of Alzheimer’s disease or motor neuron disease.  A 
statistically significant excess of Parkinson’s disease was observed in the cohort, although there 
was no association between calculated magnetic field exposure and Parkinson’s disease.  The 
authors concluded “our results provide no convincing evidence for an association between 
occupational exposure to magnetic fields and neurodegenerative disease” (p. 14).  This result is 
consistent with two other Alzheimer’s mortality follow-up studies of electric utility workers in 
the US (Savitz et al., 1998) and Denmark (Johansen and Olsen 1998).  The findings may be 
limited by the use of death certificate data, but are strengthened by the detailed exposure 
assessment.   

In conclusion, the WHO stated that there is inadequate data in support of an association 
between magnetic fields and Alzheimer’s disease or ALS; the recent studies do not alter this 
conclusion.  While some studies reported an association between occupational magnetic field 
exposure and Alzheimer’s disease or ALS, the studies are weak in design, meaning the data in 
support of a causal relationship is still limited.  Furthermore, there are no consistent biological 
data that would support the plausibility of such an association.  The WHO panel highly 
recommended that further studies be conducted with regard to neurodegenerative diseases, 
particularly studies where the association between magnetic fields and ALS is estimated while 
controlling for the possible confounding effect of electric shocks.  

4.6 Experimental research 

This section reviews the recent studies of cancerous tumors and developmental effects in whole 
animals to update the previous report.  The literature search described in Section 4.1 identified 
seven in vivo studies (Al-Akhras et al. 2006; Anselmo et al., 2006; Jelenkovic et al., 2006; 
Juutilainen et al., 2006; Sommer and Lerchl, 2006; Udroiu et al, 2006; Yamaguchi et al., 2006) 
and one additional study was identified by hand-searching reference lists (Okundan et al. 
2006).  Original research studies of whole animals using 50-60-Hz AC fields were the focus, 
and reviews were omitted (Juutilainen et al., 2006) as well as studies of other EMF frequencies 
(Yamaguchi et al., 2006).  Studies of effects on cellular processes and hypothesized 
mechanisms were omitted as they were beyond the scope of this update (Jelenkovic et al., 
2006; Udroiu et al, 2006). 
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The results of these experimental animal studies regarding cancer were consistent with the 
previous review of the literature through 2005 and did not report evidence that magnetic fields 
cause, enhance, or promote the development of cancer overall, or of leukemia and lymphoma 
specifically (Exponent, 2005).  Likewise, the WHO report (2007) concluded that large-scale 
long-term studies in rodents have not shown any consistent increase in any type of cancer, 
including leukemia, lymphoma, mammary, brain and skin tumors.  No animal studies provide 
evidence that exposure to EMF at these low frequencies causes tumors (p. 322).   

These conclusions were based on a number of in vivo studies, including two large-scale studies 
that completed the National Toxicology Program (NTP) protocol of testing in both sexes, two 
species, three exposure concentrations, two years of exposure, and comprehensive 
histopathology (Boorman, et al. 1999; McCormick, et al. 1999; NTP, 2006).  In these studies, 
lifetime magnetic field exposure did not increase leukemia or lymphoma rates, or cancers of 
the breast, brain, or any other site.  In addition, studies specifically designed to test cancer 
promotion have not found evidence that magnetic fields promote cancer.  For example, using 
mice prone to lymphoma, Babbitt et al (2000) evaluated possible promotional and co-
promotional effects of chronic exposure to power-frequency magnetic fields.  The study used a 
large number of animals (2,600 mice) genetically predisposed to develop leukemia/lymphoma.  
To study promotion, lymphoma was first induced by ionizing radiation (gamma or X-
irradiation), then animals were exposed to either 1.4 mT (14,000 mG) or no magnetic field for 
the duration of the study.  The occurrence of cancer was similar in magnetic field-exposed and 
unexposed mice that received the same pre-treatment with ionizing radiation.  This study 
indicated that magnetic fields do not promote (i.e., increase the incidence of) radiation-induced 
leukemia/lymphoma. 

The literature search located one experimental in vivo study of cancer (Sommer and Lerchl, 
2006).  The possible effects of exposure to 50-Hz magnetic fields were studied in a strain of 
mice that carry a virus that predisposes them to develop a type of lymphoma (Sommer and 
Lerchl, 2004, 2006).  In the first study of chronic exposure the animals were exposed to 1 and 
100 μT (10 and 1,000 mG) for 24 hours every day for 32 weeks.  As noted in the WHO review 
(2007), this prolonged exposure to mice predisposed to develop cancer did not increase the 
incidence of cancer in the exposed groups (Sommer and Lerchl, 2004).  In the follow-up study, 
the exposure was increased to 1 mT (1,000 μT or 10,000 mG), and some of the animals were 
exposed only 12 hours at night, to test the hypothesis that nighttime exposure may have a 
stronger effect than continuous exposure (Sommer and Lerchl, 2006).  There was no influence 
of exposure on body weight, time to tumor, cancer incidence, or survival time.  This new study 
is consistent with and reinforces previous conclusions that exposure to magnetic fields does not 
increase the incidence of cancer, even in animals predisposed to cancer.   

4.6.2 Studies related to developmental and reproductive outcomes  

Exponent 2005 noted that, despite years of research, there is no biological basis to indicate that 
magnetic fields increase the risk of miscarriage.  Large studies of laboratory animals exposed 
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to pure 60-Hz magnetic fields have shown no increase in birth defects, no multigenerational 
effects, and no changes that would indicate an increase in miscarriage or loss of fertility.  The 
WHO concluded that exposure of animals up to 20 mT (200,000 mG) did not result in gross 
external, visceral, or skeletal malformation, but subtle effects on skeletal development cannot 
be ruled out (based on some findings in chick embryos).  However, the WHO noted that studies 
in mammalian species carry more weight that those in non-mammalian experimental models.     

The literature search found three in vivo studies related to pregnancy or fetal development and 
exposure to magnetic (Al-Akhras et al., 2006; Anselmo et al., 2006) or electric fields (Okundan 
et al., 2006).  In a study designed to assess the effect of magnetic field exposure on the 
development of motor reflexes, researchers exposed pregnant females to 3 μT (30 mG) for two 
hours daily during pregnancy (Anselmo et al., 2006).  The study reported that development of 6 
of the 7 reflexes was delayed in the first 21 days among male pups born to female rats that 
were fed a diet deficient in several nutrients during pregnancy.  In newborn rats born to females 
exposed to magnetic fields, but with an adequate diet during pregnancy, delay was observed in 
4 of the 7 reflexes.  For example, the auditory startle reflex occurred at day 10.5 in the control 
group, but at day 12 in the offspring of exposed maternal rats.   

Al-Akhras et al. (2006) reported that exposures of adult male rats to 50-Hz magnetic fields at 
250 mG for 18 weeks produced no effect on testes weight, but reduced the weight of seminal 
vesicles, sperm count, and preputal gland.  Lower levels of testosterone were found at 6 and 12 
weeks compared to controls, but not at 18 weeks.  Changes in organ weights and hormone 
levels are indirect measures of reproductive effects  (changes in fertility are direct measures of 
reproductive function).  As summarized in Exponent 2005: 

Large studies of laboratory animals exposed to pure 60-Hz 
magnetic fields have shown no increase in … loss of fertility (e.g., 
Ryan et al., 1996; Ryan et al., 1999; Ryan et al., 2000; Ohnishi et 
al., 2002; Chung et al., 2003; Juutilainen et al., 2003; Elbetieha et 
al., 2002) (p. 43).    

This study provides no convincing evidence of biologically significant changes in fertility, 
and is unlikely to change the WHO’s conclusion that the evidence is inadequate to support the 
hypothesis that ELF-EMF causes adverse reproductive effects 

Most in vivo studies have exposed animals to magnetic fields, because buildings and vegetation 
shield residents from electric fields.  One study of electric field exposures examined effects on 
fetal development.  Okundan et al. (2006) studied the effect of exposure to 50-Hz electric fields 
in utero and 14 days after birth on rat bones.  The investigators exposed one pregnant female 
rat (and her pups) to 50-Hz electric fields at 10 kV/m, and another to 0-Hz (static) at 10 kV/m.  
A third pregnant female was not exposed to the fields but was otherwise maintained under the 
same conditions for the duration of the experiment.  After the 28-day experiment, bone mineral 
content and density was assessed overall, and in femoral and lumbar bones.  Whole body bone 
mineral content and bone mineral density was lower and tested statistically significant in the 
female and pups exposed to 50-Hz electric fields compared to controls.  The most serious 
limitation of this study is the use of only one pregnant rat in each group; therefore, there is no 
way to separate results related to the exposure from those that arose from inherent differences 
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among the three adult female rats.  The interpretation of this study is limited for several other 
reasons: results were not consistent among bone types, there was no long-term follow-up of the 
offspring to see if these differences were permanent, and no information to assess whether 
these differences were of biological significance.   

Weaknesses in study design limit the interpretation of the study of effects of electric fields on 
rat bone development (Okundan et al., 2006) and of magnetic fields on fertility (Al-Akras et al, 
2006).  Few studies exist to compare the results of the study on maternal magnetic field 
exposure on reflexes in newborn rats.  Previous studies, however, of function and behavior in 
the offspring of rats exposed to higher levels of magnetic fields for longer periods have not 
shown clear behavioral or functional deficiencies (Sienkowitz, et al., 1996; Chung, et al., 
2004).  

4.6.3 In vitro studies  

There has been no consistent or strong evidence to explain how EMF exposure could affect 
biological processes in cells and tissues.  In addition, as described in Section 2.4.1 above, such 
data are supplementary to epidemiology and whole animal studies, and are not directly used by 
health agencies to assess risk to human health.  For that reason, this review relies largely on 
reviews and the conclusions of scientific panels with regard to studies of mechanism.    

The IARC and other scientific review panels that systematically evaluated in vitro studies 
concluded that there is no clear evidence indicating how ELF magnetic fields could adversely 
affect biological processes in cells (IARC, 2002; ICNIRP, 2003; NRPB, 2004).  The WHO 
panel reviewed the in vitro research published since the time of the previous reviews and 
reached the same conclusion.  The WHO noted that previous studies have not indicated a 
genotoxic effect of ELF magnetic fields on mammalian cells, however a recent series of 
experiments reported DNA damage in human fibroblasts exposed intermittently to 50-Hz 
magnetic fields (Ivancsits et al., 2002a,b; Ivancsits et al., 2003a,b).  These findings have not 
been replicated by other laboratories (e.g., Scarfi et al., 2005), and the WHO recommended 
continued research in this area.  Research in the field of in vitro genotoxicity of magnetic fields 
combined with known DNA-damaging agents is also recommended, following suggestive 
findings from several laboratories.  As noted by the Swedish Radiation Protection Authority, 
the levels at which these effects were observed are much higher than the levels we are exposed 
to in our everyday environments and are therefore not directly relevant to questions about low-
level, chronic exposures (SSI, 2007).  In vitro studies investigating other possible mechanisms, 
including gene activation, cell proliferation, apoptosis, calcium signaling, intercellular 
communication, heat shock protein expression and malignant transformation, have produced 
“inconsistent and inconclusive” results (p. 347, WHO, 2007).   

4.7 Summary of recent literature   

Approximately 27 epidemiologic and 7 in vivo studies have been published since the Exponent 
report to the BCUC in 2005.  Overall, very few of these studies used high quality methods, 
meaning there is little evidence available from these new studies that could alter previous 
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conclusions.  Many of the recent epidemiologic studies still used proxy measures for exposure 
and suffered from significant study design limitations.  A few epidemiologic studies tested new 
hypotheses that require further study, such as the reported statistical association between 
magnetic fields and childhood leukemia survival and the incidence of childhood leukemia in 
Down’s syndrome patients.  

The weak statistical association between high, average magnetic fields and childhood leukemia 
remains unexplained.  Recent research (which focused largely on occupational exposures) 
supports the conclusion that there is no association between magnetic fields and adult 
leukemia/lymphoma, brain cancer and breast cancer.  Recent studies suggest that the observed 
association between peak magnetic field exposure and miscarriage is due to a bias in the 
collection of the data, although future studies still need to confirm some components of this 
hypothesis.  Although the current body of evidence does not provide strong evidence in support 
of causal relationship, further research is required on Alzheimer’s disease and ALS to clarify 
the association observed in some studies.  In conclusion, the recent studies do not provide 
evidence to alter the conclusion that the body of research does not suggest that electric or 
magnetic fields are the cause of cancer or any other disease process at the levels we encounter 
in our everyday environment.  
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The heart’s rhythm is controlled naturally by electrical signals.  When there is a disturbance to 
this rhythm, a pacemaker or an implantable cardiac defibrillator (ICD) is implanted to restore 
normal cardiac function.  Pacemakers and ICDs have two distinct systems – a system that 
senses the heart’s rhythm and a system that provides electrical signals to the heart based on the 
input it receives.  Because the sensing system of these devices is naturally responsive to the 
heart’s electrical signal, other electrical signals can interfere with the normal functioning of 
pacemakers and ICDs, a phenomenon called electromagnetic interference (EMI).  Most sources 
of EMF are too weak to affect a pacemaker or ICD; however, EMF from certain sources, e.g., 
some appliances and industrial equipment, may cause interference.  Other potential sources of 
EMI include cellular telephones, anti-theft devices in stores, MRI machines, slot machines, and 
certain medical procedures (e.g., radiation therapy, electrocautery and defibrillation).   

Pacemakers are specially designed to reject signals outside of the frequency range of the heart’s 
electrical signal.  If the external signal is the right frequency, but the wrong modulation or 
shape, the pacemaker identifies the signal as noise and reverts to the “asynchronous mode.”  In 
this mode, the pacemaker delivers a regular electrical signal to the heart without responding to 
the heart’s natural rhythm.  This mode was specifically designed to prevent interference, and 
research suggests that it presents little risk to the patient.  Potentially more serious health 
effects can occur if the external signal has the same characteristics as the heart’s signal.  In this 
case, triggering or inhibition of the pacemaker’s output can occur.  This can be a serious 
problem if prolonged inhibition occurs and the patient is completely dependent on a pacemaker 
for normal cardiac functioning.   

Experimental tests have been conducted to determine the threshold level for interference in 
implanted cardiac pacemakers (Butrous et al., 1982; Butrous et al., 1983; Kaye et al., 1988; 
Moss and Carstensen 1985; Toivonen et al., 1991; Astridge et al., 1993; Scholten and Silny 
2001a; Scholten and Silny 2001b; Frank et al., 2003; Trigano et al., 2005).  Summarizing the 
specific findings of these studies is challenging because the pacemakers’ responses varied 
significantly based on a number of factors, including the manufacturer and model of the 
pacemaker.  In general, the magnetic field levels that caused pacing abnormalities in these 
experimental tests were much higher than the levels people encounter on an everyday basis, 
including the magnetic field levels from transmission lines.  Interference from electric fields, 
on the other hand, occurred at levels that can be produced by certain electrical sources.  
Overall, the lowest electric field level that affected a pacemaker was approximately 1 kV/m.  
Most pacemakers, however, withstood much higher levels (i.e., up to 20 kV/m) without any 
pacing abnormalities.  Single lead (unipolar) pacemakers were much more sensitive to 
interference, compared with two lead (bipolar) pacemakers.  The most common response was a 
reversion to the asynchronous pacing mode.  In the most recent study of electric fields and 
interference, the authors defined the conditions that influence the likelihood of interference, 
including the implantation position of the pacemaker, the pacemaker’s configuration, and the 
geometry and anatomy of the patient’s body (Scholten and Silny 2001a).  The authors reported 
that the conditions when interference is conceivable are rare, such as bare feet, a raised arm, 
and a height of 2 meters.   
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No cases of interference to patients’ pacemakers by EMF associated with transmission lines 
have been reported in the literature.  As noted above, most devices are now constructed with 
features that prevent interference. The only limits that have been recommended to prevent 
pacemaker interference are for workers who might encounter high field sources in the course of 
their occupations.  The American Conference of Governmental Industrial Hygienists (ACGIH) 
recommends that workers with pacemakers limit their exposure to 1 kV/m and 1,000 mG to 
protect against interference (ACGIH, 2001).  

In summary, interference from strong electric fields is theoretically possible under certain 
circumstances.  The likelihood of interference occurring is low, particularly with respect to 
sources that produce low levels of EMF.  It is recommended that concerned patients contact 
their physician to discuss the make and model of their implanted device, their clinical 
condition, and any lifestyle factors that put them in close contact with strong electric or 
magnetic fields.  
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6.1 Fauna 

Research has also been conducted on the possible effects of EMF on the health, behavior and 
productivity of wild and domestic animals.  Since the 1970s, this research has been carried out 
in response to concerns about the effects of high-voltage and ultra-high-voltage transmission 
lines in the vicinity of farms and the natural habitat of wild animals.  National agencies and 
agricultural universities overseas and across Canada and the US, (including McGill University, 
the University of Minnesota, Montana State University, Iowa State University, and Oregon 
State University), have conducted research on an assortment of animals using a variety of study 
designs, from observational studies of animals in their natural habitats to highly controlled 
experimental studies.   

In summary, the research to date does not suggest that magnetic or electric fields result in any 
adverse effects on the health, behavior or productivity of fauna, including livestock such as 
cows, sheep, and pigs, and a variety of small mammals, deer, elk, birds and bees (Busby et al., 
1974; Ware, 1974; Goodwin, 1975; Schreiber et al., 1976; Williams and Beiler 1979; Amustutz 
and Miller, 1980; Rogers et al., 1980; Rogers et al., 1981; Algers et al., 1982; Hennichs, 1982; 
Rogers et al., 1982; Mahmoud and Zimmerman, 1983; Mahmoud and Zimmerman, 1984; 
Algers and Hennichs, 1985; Picoton et al., 1985; Algers and Hultgren, 1987; Stormshak et al., 
1992; Beaver et al., 1993; Hill et al., 1993ab; Lee et al., 1993; McCoy et al., 1993; Lee et al., 
1995; Thompson et al., 1995; Burchard et al., 1996; Zapotosky et al., 1996; Miller and Lamont, 
1996; Zapotosky et al., 1996; Burchard et al., 1998a,b,c; Burchard et al., 1999; Hefeneider et 
al., 2001; Rodriquez et al., 2002; Burchard et al., 2003; Rodriquez et al., 2003; Burchard et al., 
2004; Rodriguez et al., 2004).  The research indicates that some species of animals, unlike 
humans, are able to detect magnetic fields at levels that may be associated with transmission 
lines, and this detection may be important for navigational purposes in particular species such 
as birds.  However, detection does not imply that the fields result in any effects, or that these 
effects are adverse.  The best insight is offered by studies with continuous or semi-continuous 
exposure to high magnetic field levels under controlled conditions with a non-exposed group 
for comparison.  Several of these studies were conducted on livestock, including cows, sheep 
and pigs (Stormshak et al., 1992; Lee et al., 1993; Thompson et al., 1995; Burchard et al., 
1996; Burchard et al., 1998a,b,c; Burchard et al., 1999; Rodriquez et al., 2002; Burchard et al., 
2003; Rodriquez et al., 2003; Burchard et al., 2004; Rodriguez et al., 2004).  Overall, there 
were no significant differences between the animals living with constant, high levels of EMF 
and the animals with normal EMF exposure.  Some differences were reported; however, they 
were not reported consistently between studies, the changes were still within the range of what 
is normal, and it did not appear that the changes were adverse in nature or had any ecological 
significance.  Furthermore, studies of small mammals and birds associated with the research 
programs by the U.S. Navy and the Bonneville Power Administration reported that there were 
not any changes in the movement patterns of these animals to suggest that they were avoiding 
areas near high-voltage ROWs, nor were there any physiological changes or alterations in 
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homing behavior (Schreiber et al., 1976; Rogers et al., 1980; Rogers et al., 1981; Rogers et al., 
1982; Zapotosky et al., 1996).  Reports by two investigators found that commercial honeybees 
can be impacted by EMF from transmission lines because of a current induced by metal parts 
on the hive; however, this effect is easily remedied and does not apply to wild bees (Rogers et 
al., 1980; Greenberg et al., 1981; Rogers et al., 1981; Rogers et al.,1982; Lee et al., 1983; 
Zapotosky et al., 1996).  In summary, the research does not suggest that EMF exposure, or 
audible noise, would cause any harm to fauna living in the vicinity of high-voltage 
transmission lines.   

6.2 Flora 

Numerous studies have been carried out to assess the possible effects of exposure to 
transmission-line EMF on plants (Hodges et al., 1975; Bankoske et al., 1976; McKee et al., 
1978; Miller et al., 1979; Rogers et al., 1980; Lee and Clark, 1981; Warren et al., 1981; Rogers 
et al., 1982; Greene 1983; Hilson et al., 1983; Hodges and Mitchell, 1984; Brulfert et al., 1985; 
Reed and McKee, 1985; Parsch and Norman, 1986; Conti et al., 1989; Krizaj and Valencic 
1989; Ruzic et al., 1992; Reed et al., 1993; Smith et al., 1993; Mihai et al., 1994; Davies 1996; 
Zapotosky et al., 1996).  These studies have involved both forest species and agriculture crops 
and have taken place both inside and outside of the laboratory.  At the levels of EMF produced 
by high-voltage transmission lines, researchers have found no adverse effects on plant 
responses, including seed germination, seedling emergence, seedling growth, leaf area per 
plant, flowering, seed production, longevity, and biomass production.  The only confirmed 
adverse effect of transmission-line EMF on plants was damage to the tops of plants growing in 
close proximity to transmission lines with voltages above 1,200-kV.  These effects were 
attributed to corona-induced damage to the branch tip.  Furthermore, the trees on or near the 
ROW would be cleared or trimmed to prevent flash over and other interference.   

0700260.000 A0T0 1007 LE03 
57 

Appendix R
Appendix 57.3



October 30, 2007 
 

Glossary  1 

2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 

15 
16 

17 
18 

19 
20 
21 

22 
23 

24 
25 

26 
27 

28 
29 

30 
31 

32 

Association – An association is a measure of how things vary together.  They are measured by 
odds ratios and relative risks.  Associations are described as positive or negative.  For example, 
a study may show that persons with coronary artery disease eat fewer vegetables than persons 
without the disease (i.e., a negative association).  Or, persons with coronary artery disease may 
eat more vegetables than persons without the disease (i.e., a positive association). 

Basic restriction – The basic restriction is the electric field level or current density inside the 
body that is recommended as a limit to protect exposed populations.  The term is used in 
standards or guidelines that recommend exposure limits. 

Bias – Bias refers to any error in the design, conduct or analysis of a study that results in a 
distorted estimate of an exposure’s effect on the risk of disease.  For example, the 
characteristics of persons selected by telephone calls to participate in a study may not 
accurately reflect those of the entire community and this can introduce error into the study’s 
findings. 

Carcinogenesis – Carcinogenesis describes the process of the progression of normal cells to 
cancerous cells. 

Causation or cause – A cause is an exposure or condition of the individual that has been 
proven through a sound weight-of-evidence review to increase risk of a disease. 

Cause-and-effect relationship – A cause-and-effect relationship between an exposure and a 
disease is a statistically significant association that is determined through a weight-of-evidence 
review to be causal in nature. 

Case-control study – A case-control study compares persons without a disease (controls) to 
persons with a disease (cases) to see if they differ on any factors or exposures of interest. 

Case-series – A study design that analyzes the characteristics of a small group of persons with 
a disease, with no inclusion of persons without the disease.  

Chance – Chance refers to random sampling variation, like a coincidence.  An association can 
be observed between an exposure and disease that is simply the result of a chance occurrence. 

Cluster – A group of relatively uncommon diseases in space and/or time in amounts that are 
believed to be greater than what would be expected as a result of chance.  

Cohort study – A cohort study follows a group of people over a long period of time to observe 
whether the occurrence of disease differs among exposed and unexposed persons in the group. 

0700260.000 A0T0 1007 LE03 
58 

Appendix R
Appendix 57.3



October 30, 2007 
 

Confidence interval – A confidence interval is a range of values for an estimate of effect that 
has a specified probability (e.g., 95%) of including the “true” estimate of effect.  A 95% 
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95% of the measured estimates would be within the upper and lower confidence limits. 
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Confounding – Confounding is a situation in which an association is distorted because the 
exposure is associated with other risk factors for the disease.  For example, a link between 
coffee drinking in mothers and low birth weight babies has been reported in the past.  However, 
some women who drink coffee also smoke cigarettes.  It was found that when the smoking 
habits of the mothers are taken into account, coffee drinking was not associated with low birth 
weight babies because of the confounding effect of smoking. 

Dose-response assessment/relationship – Data from scientific research in which a change in 
amount, intensity, or duration of exposure is associated with a change in risk of a specified 
outcome.  A pattern of a stronger association with increasing exposure, or dose. 

Electric fields – The electric field is a property of a location or point in space and its electrical 
environment, and describes the forces that would be experienced by a charged body in that 
space by virtue of its charge.  The electric field is expressed in measurement units of volts per 
meter (V/m) or kilovolts per meter (kV/m); a kilovolt per meter is equal to 1,000 V/m. 
 
Electromagnetic spectrum – The range of wavelengths of electromagnetic energy, including 
visible light, arranged by frequency.  Wavelength decreases with increasing frequency; the ELF 
range includes the power frequencies of 50/60-Hz.    

Epidemiology – The study of the frequency and distribution of disease and health events in 
human populations and the factors that contribute to disease and health events. 

Etiological – Etiological means pertaining to the cause of an event or disease.   

Extremely low frequency (ELF) fields – Extremely low frequency refers to electromagnetic 
fields in the range of 0-300 Hz. 

Hazard identification – The identification of adverse effects on health from a specific 
exposure based on a weight-of-evidence review of the scientific research. 

Hazard ratio – Comparison of risk or occurrence of an event in two groups that were 
compared over a time to a specific endpoint or “failure.”  Hazard ratio is mathematically 
similar to the relative risk.   

In vitro – Laboratory studies of isolated cells that are artificially maintained in test tubes or 
culture dishes are called in vitro studies, literally “in glass.”  Researchers expose isolated cells 
or groups of cells (tissues) to a specific agent under controlled conditions.  These studies help 
explain the mechanisms by which exposures might affect biological processes. 

In vivo – Studies in living animals or experimental studies of processes in whole living 
organisms are called in vivo studies.  Scientists expose laboratory animals to a specific agent 
under controlled conditions and look for effects on body function, measures of health, or 
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disease.  Experience has shown that effects in laboratory animals can help to predict effects that 
occur in people. 

Initiation – The first stage in the development of cancer, initiation typically results from 
exposure to an agent that can cause mutations in a cell.  Initiation is believed to be irreversible, 
and increases the likelihood of cancer occurring. 

Job-exposure matrix – A job-exposure matrix cross-classifies job titles and exposure 
estimates.  Job-exposure matrices are used to estimate cumulative occupational exposure (e.g., 
magnetic field exposure) based on an individual’s job history.  

Magnetic fields – The magnetic field is a state of region in space, and describes the forces that 
would be experienced by a moving charge (or magnetic material) in proportion to its charge 
and velocity.  The strength of magnetic fields is expressed as magnetic flux density in units 
called gauss (G), or in milligauss (mG), where 1 G = 1,000 mG. 

Meta-analysis – An analytic technique that combines the results of many studies into one 
summary estimate of the association between a particular exposure and disease.  

Multivariate analysis – In statistics, any analytic method that allows for simultaneous study of 
two or more dependent variables on an outcome.    

Nested case-control study – A case-control study in which the cases and controls are drawn 
from a cohort study’s population.   

Odds ratio – An odds ratio is a measure of association that describes the ratio of the odds of 
exposure among persons with a disease to the odds of exposure among persons without a 
disease.  For example, an odds ratio of two would suggest that persons with the disease are two 
times more likely to have had exposure than persons without the disease.  

Participation rate – A study’s participation rate is the number of study subjects who 
participate in a study divided by the number of eligible subjects.   Eligible subjects that do not 
participate in the study include study subjects who refuse to participate, study participants who 
are excluded, and study subjects who fail to complete the study’s requirements.  

Pooled analysis – A pooled analysis combines individual-level data across many studies and 
analyzes the data together to get a summary estimate of the association between a particular 
exposure and disease.   

Precautionary principle – The precautionary principle refers to the idea that, when evidence 
does not support the suggestion that an exposure is a cause of a particular disease but where a 
risk is perceived, precautionary measures may be taken that are proportional to the perceived 
level of risk, with science as the basis for measuring that risk. 
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Promotion – Promotion is a later stage in cancer development, following initiation.  If there is 
sufficient exposure to the agent, promoters increase the frequency of tumor formation that 
occurs after initiation. 
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Reference level – The reference level is a measurable level of electric or magnetic field outside 
of the body that is used as a screening value.   It is a practical measure to determine whether the 
internal level identified as the basic restriction is likely to be exceeded.  

Relative risk – A relative risk is an estimate that compares the risk of disease among persons 
who are exposed to the risk of disease among persons who are unexposed.  For example, a 
relative risk of two means that that exposed persons in the study are two times more likely to 
develop the disease than unexposed persons.  

Risk characterization – A quantitative estimation of the likelihood of adverse effects that may 
result from exposure to a specific agent in a specific situation.   

Safety factor – A multiplicative factor (usually less than 1.0) incorporated into risk 
assessments or safety standards to allow for unpredictable types of variation, such as variability 
in responses from test animals to humans or person-to-person variability.    

Selection bias – Selection bias occurs when there are differences in the type of person who 
participates in the study compared to the type of person who doesn’t participate in the study.  
Selection bias introduces systematic error into a study, and limits the conclusions and 
generalizations that can be drawn.   

Source population – The population from which the study participants are drawn.  

Spot measurement – A spot measurement is an instantaneous magnetic or electric field 
reading that is taken at one location as an estimate of exposure. 

Statistically significant – An association is statistically significant if one can conclude (with 
an established level of confidence using standard statistical tests) that the association is not due 
to a chance occurrence. 

Systematic review – The identification and review of a body of literature using explicit, 
thorough, and standardized methods that are designed to reduce bias or errors.  

Time-weighted average (TWA) - The average exposure over a given specified time period 
(i.e., an 8-hr workday or a 24-hr day) of a person’s exposure to a chemical or physical agent.  
The average is determined by sampling the exposure of interest throughout the time period. 

Validity – An expression meaning the degree to which a measurement reflects what it purports 
to measure.  

Voltage – Voltage is the difference in electric potential between any two conductors of a 
circuit.  It is the electric ‘pressure’ that exists between two points and is capable of producing 
the flow of current through an electrical conductor. 
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Weight-of-evidence review – A weight-of-evidence review critically evaluates the strength of 
the evidence for causality for a particular exposure and disease.  It entails a comprehensive 
assessment of all relevant scientific research, in which each of the studies is critically 
evaluated, and more weight is given to studies of better quality. 
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Wire code categories – Wire coding categories are based on a classification system of homes 
using characteristics of power lines outside the home (e.g., thickness of the wires) and their 
distances from the home.  This information is used to code the homes into categories based on 
their predicted magnetic field level. 

0700260.000 A0T0 1007 LE03 
62 

Appendix R
Appendix 57.3



October 30, 2007 
 

References  1 

2 
3 
4 

5 
6 
7 

8 
9 

10 
11 

12 
13 

14 
15 
16 

17 
18 

19 
20 
21 
22 

23 
24 

25 
26 
27 

28 
29 
30 

31 
32 
33 
34 

Ahlbom A, Day N, Feychting M, Roman E, Skinner J, Dockerty J, Linet M, Michealis J, Olsen 
JH, Tynes T, Verkasalo PK. A pooled analysis of magnetic fields and childhood leukemia. Br J 
Cancer 83:692-698, 2000. 

Al-Akhras MA, Darmani H, and Elbetieha A. Influence of 50 Hz magnetic field on sex 
hormones and other fertility parameters of adult male rats. Bioelectromagnetics 27:127-31, 
2006. 

Algers B, Ekesbo I, Hennichs K. The effects of ultra high-voltage transmission lines on the 
fertility of dairy cows: A preliminary study. Swedish Agricultural University. 1982. 

Algers B, Hennichs K. The effect of exposure to 400-kV transmission lines on the fertility of 
cows: A retrospective cohort study. Prev Vet Med 3:351-361, 1985. 

Algers B, Hultgren J. Effects of long-term exposure to a 400-kV, 50-Hz transmission line on 
estrous and fertility in cows. Prev Vet Med 5:21-36, 1987. 

American Conference of Government Industrial Hygienists (ACGIH). Documentation of the 
Threshold Limit Values and Biological exposure Indices, 7th edition. Publication No. 0100. 
Cincinnati, OH: American Conference of Government Industrial Hygienists. 2001. 

Amstutz HE, Miller DB. A study of farm animals near 765 kV transmission lines. The Bovine 
Practitioner 15:51-62, 1980. 

Anselmo CW, Santos AA, Freire CM, Ferreira LM, Cabral Filho JE, Catanho MT, and 
Medeiros Mdo C. Influence of a 60 Hz, 3 microT, electromagnetic field on the reflex 
maturation of Wistar rats offspring from mothers fed a regional basic diet during pregnancy. 
Nutr Neurosci 9:201-6, 2006. 

Armstrong BG, Deadman J, and McBride ML. The determinants of Canadian children’s 
personal exposure to magnetic fields.  Bioelectromagnetics 22:161-169, 2001. 

Astridge PS, Kaye GC, Whitworth S, Kelly P, Camm AJ, Perrins EJ. The response of 
implanted dual chamber pacemakers to 50 Hz extraneous electrical interference. Pacing Clin 
Electrophysiol 16:1966-1974, 1993. 

Babbitt, JT, Kharazi AI, Taylor JM, Bonds CB, Mirell SG, Frumkin E, Zhuang D, and Hahn 
TJ.  Hematopoietic neoplasia in C57BL/6 mice exposed to split-dose ionizing radiation and 
circularly polarized 60 Hz magnetic fields. Carcinogenesis 21:1379-89, 2000. 

Bankoske JW, Graves HB, McKee GW. The Effects of High Voltage Electric Fields on the 
Growth and Development of Plants and Animals. In: Proceedings of the first national 
symposium on environmental concerns in rights-of-way management. Tillman R (Ed.). 
Mississippi State University. Mississippi State, Mississippi. 112-123, 1976. 

0700260.000 A0T0 1007 LE03 
63 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 
4 

5 
6 
7 

8 
9 

10 
11 

12 
13 

14 
15 

16 
17 

18 
19 
20 

21 
22 
23 

24 
25 
26 

27 
28 
29 

30 
31 

32 
33 
34 

Beaver DL, Hill RW, Lederle PE. Assessment of the effects of extremely low frequency 
electromagnetic radiation on growth and maturation in nestling tree swallows and deermice. In: 
Electricity and Magnetism in Biology and Medicine. Blank M (Ed.). San Francisco Press, Inc. 
925-926, 1993. 

Boorman GA., McCormick DL, Findlay JC, Hailey JR, Gauger JR, Johnson TR, Kovatch RM, 
Sills RC, and Haseman JK. Chronic toxicity/oncogenicity evaluation of 60 Hz (power 
frequency) magnetic fields in F344/N rats. Toxicol Pathol 27 (3):267-78, 1999. 

Brown RC, Lockwood AH, Sonawane BR. Neurodegenerative diseases: an overview of 
environmental risk factors. Environ Health Perspect 113:1250-1256, 2005. 

Buffler PA, Kwan ML, Reynolds P, Urayama KY. Environmental and genetic risk factors for 
childhood leukemia: appraising the evidence. Cancer Invest 23:60-75, 2005. 

Burchard JF, Nguyen DH, Richard L, Block E. Biological effects of electric and magnetic 
fields on productivity of dairy cows. J Dairy Sci 79:1549-1554, 1996. 

Burchard JF, Nguyen DH, Block E. Effects of electric and magnetic fields on nocturnal 
melatonin concentrations in dairy cows. J Diary Sci 81:722-727, 1998a. 

Burchard JF, Nguyen DH, Block E. Progesterone concentrations during estrous cycle of dairy 
cows exposed to electric and magnetic fields. Bioelectromagnetics 19:438-443, 1998b. 

Burchard JF, Nguyen DH, Richard L, Young SN, Heyes MP, Block E. Effects of 
electromagnetic fields on the levels of biogenic amine metabolites, quinolinic acid, and B-
Endorphin in the cerebrospinal fluid of dairy cows. Neurochem Res 23:1527-1531, 1998c. 

Burchard JF, Nguyen DH, Block E. Macro- and trace element concentrations in blood plasma 
and cerebrospinal fluid of dairy cows exposed to electric and magnetic fields. 
Bioelectromagnetics 20:358-364, 1999. 

Burchard JF, Monardes H, Nguyen DH. Effect of 10 kV, 30 mT, 60 Hz electric and magnetic 
fields on milk production and feed intake in nonpregnant dairy cattle. Bioelectromagnetics 
24:557-563, 2003. 

Burchard JF, Nguyen DH, Monardes HG, Petitclerc D. Lack of effect of 10 kV/m 60 Hz 
electric field exposure on pregnant dairy heifer hormones. Bioelectromagnetics 25:308-312, 
2004. 

Busby K, Driscoll D, Washbon WE. A Field Survey of Farmer Experience with 765 kV 
Transmission Lines. Agricultural Resources Commission. State Campus, Albany, NY. 1974. 

Butrous GS, Meldrum SJ, Barton DG, Male JC, Bonnel JA, Camm AJ. Effects of high-
intensity power-frequency electric fields on implanted modern multiprogrammable cardiac 
pacemakers. J R Soc Med 75:327-331, 1982. 

0700260.000 A0T0 1007 LE03 
64 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 

4 
5 

6 
7 
8 

9 
10 
11 

12 
13 
14 

15 
16 

17 
18 

19 
20 
21 

22 
23 

24 
25 
26 
27 

28 
29 

30 
31 

32 
33 
34 

Butrous GS, Male JC, Webber RS, Barton DG, Meldrum SJ, Bonnell JA, Camm AJ. The effect 
of power frequency high intensity electric fields on implanted cardiac pacemakers. PACE. 
6:1282-1292, 1983. 

Brulfert A, Miller MW, Robertson D, Dooley DA, Economou P. A cytohistological analysis of 
roots whose growth is affected by a 60-Hz electric field. Bioelectromagnetics 6:283-291, 1985. 

Chung MK, Kim JC, and Myung SH. Lack of adverse effects in pregnant/lactating female rats 
and their offspring following pre- and postnatal exposure to ELF magnetic fields. 
Bioelectromagnetics 25:236-44, 2004. 

Conti R, Nicolini P, Cerretelli P, Maronato V, Veicsteinas A, Floris C. Enel’s research activity 
on possible biological effects of 50 Hz electromagnetic fields – results and plans of a large 
research programme. Alta Frequenza. 58:395-378, 1989. 

Davanipour Z, Tseng CC, Lee PJ, and Sobel E.  A case-control study of occupational magnetic 
field exposure and Alzheimer's disease: results from the California Alzheimer's Disease 
Diagnosis and Treatment Centers. BMC Neurol 7:13, 2007. 

Davies, MS. Effects of 60 Hz electromagnetic fields on early growth in three plant species and 
a replication of previous results. Bioelectromagnetics 17:154-161, 1996. 

Davis S, and Mirick DK, and Stevens RG. Night shift work, light at night, and risk of breast 
cancer. J Natl Cancer Inst 93:1557-62, 2001a. 

Davis S, Kaune WT, Mirick DK, Chen C, and Stevens RG. Residential magnetic fields, light-
at-night, and nocturnal urinary 6-sulfatoxymelatonin concentration in women. Am J Epidemiol 
154:591-600, 2001b. 

Davis S, and Mirick DK. Circadian disruption, shift work and the risk of cancer: a summary of 
the evidence and studies in Seattle. Cancer Causes Control 17:539-45, 2006. 

Davis S, Mirick DK, Chen C, and Stanczyk FZ.  Effects of 60-Hz magnetic field exposure on 
nocturnal 6-sulfatoxymelatonin, estrogens, luteinizing hormone, and follicle-stimulating 
hormone in healthy reproductive-age women: results of a crossover trial. Ann Epidemiol 
16:622-31, 2006. 

Davis S, and Mirick DK. Residential magnetic fields, medication use, and the risk of breast 
cancer. Epidemiology 18:266-9, 2007. 

Draper G, Vincent T, Kroll ME, Swanson J. Childhood cancer in relation to distance from high 
voltage power lines in England and Wales: a case-control study. BMJ 330:1290, 2005. 

Fadel RA, Salem AH, Ali MA, and Abu-Saif AN. Growth assessment of children exposed to 
low frequency electromagnetic fields at the Abu Sultan area in Ismailia (Egypt). Anthropol Anz 
64:211-26, 2006. 

0700260.000 A0T0 1007 LE03 
65 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 

4 
5 

6 
7 

8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 

19 
20 

21 
22 
23 

24 
25 
26 
27 
28 

29 
30 
31 
32 

33 
34 
35 

Feizi AA, and Arabi MA. Acute childhood leukemias and exposure to magnetic fields 
generated by high voltage overhead power lines - a risk factor in Iran. Asian Pac J Cancer Prev 
8:69-72, 2007. 

Feychting M, Pedersen NL, Svedberg P, Floderus B, and Gatz M.  Dementia and occupational 
exposure to magnetic fields. Scand J Work, Environ Health 24:46-53, 1998. 

Feychting M, Jonsson F, Pedersen NL, Ahlbom A. Occupational magnetic field exposure and 
neurodegenerative disease. Epidemiology 14:413-419, 2003. 

Feychting M, and Forssén U. Electromagnetic fields and female breast cancer. Cancer Causes 
Control 17:553-8, 2006. 

Foliart, DE, Pollock BH, Mezei G, Iriye R, Silva JM, Ebi KL, Kheifets L, Link MP, and Kavet 
R. Magnetic field exposure and long-term survival among children with leukaemia. Br J 
Cancer 94:161-4, 2006. 

Foliart DE, Mezei G, Iriye R, Silva JM, Ebi KL, Kheifets L, Link MP, R. Kavet, and B. H. 
Pollock. Magnetic field exposure and prognostic factors in childhood leukemia. 
Bioelectromagnetics 28:69-71, 2007. 

Forssén UM, Rutqvist LE, Ahlbom A, and Feychting M.  Occupational magnetic fields and 
female breast cancer: a case-control study using Swedish population registers and new 
exposure data.  Am J Epi 161:250-259, 2005. 

Forssén UM, Lonn S, Ahlbom, Savitz DA, and Feychting M.  Occupational magnetic field 
exposure and the risk of acoustic neuroma. Am J Ind Med 49:112-8, 2006. 

Frank R, Souques M, Himbert C, Hidden-Lucet F, Petitot JC, Fontaine G, Lambrozo J, Magne 
I, Bailly JM. Effects of 50 to 60 Hz and of 20 to 50 kHz magnetic fields on the operation of 
implanted cardiac pacemakers. Arch Mal Coeur Vaiss, (French). 96:35-41, 2003. 

Federal-Provincial-Territorial Radiation Protection Committee (FPTRPC) – Canada. Position 
statement for the general public on the health effects of power-frequency (60 Hz) electric and 
magnetic fields. 
http://www.bccdc.org/downloads/pdf/rps/reports/ELF%20position%20statement%20E-
050120.pdf 

Goodwin JG. Big Game Movement Near a 500-kV Transmission Line in Northern Idaho. 
Prepared for the Bonneville Power Administration, Engineering and Construction Division, 
Portland, OR. Intern with the Western Interstate Commission for Higher Education (WICHE), 
Resources Development Internship Program (RDIP). Boulder, CO. June 27, 1975. 

Government of Canada.  A Framework for the Application of Precaution in Science-based 
Decision Making about Risk. C2003-98208. 
http://www.who.int/ifcs/documents/forums/forum5/precaution_e.pdf 

0700260.000 A0T0 1007 LE03 
66 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 

3 
4 

5 
6 

7 
8 
9 

10 
11 
12 

13 
14 

15 

Greenberg B, Bindokas VP, Gauger JR. Biological effects of a 765-kV transmission line: 
Exposures and thresholds in honeybee colonies. Bioelectromagnetics 2:315-328, 1981. 

Greene RW. 60 Hz ultra-high voltage electric field effect on onion root mitotic index: a lack of 
impact. Environ Exp Bot 23:355-360, 1983. 

Greenland S, Sheppard AR, Kelsh MA, Kaune WT.  A pooled analysis of magnetic fields, wire 
codes, and childhood leukemia.  Epidemiology 11:624-634, 2000. 

Hakansson N, Floderus B, Gustavsson P, Johansen C, and Olsen JH. Cancer incidence and 
magnetic field exposure in industries using resistance welding in Sweden.  Occup Environ Med 
59:481-486, 2002. 

Hakansson N, Gustavsson P, Johansen C, Floderus B. Neurodegenerative diseases in welders 
and other workers exposed to high levels of magnetic fields. Epidemiology 14:420-426; 
discussion 427-428, 2003. 

Health Canada.  Human Health Risk Assessment for Priority Substances.  Environmental 
Health Directorate. Canadian Environmental Protection Act.  Health Canada, Ottawa, 1994. 

Health Canada. It’s your health: Electric and magnetic fields at extremely low frequencies. 
2004.  http://www.hc-sc.gc.ca/iyh-vsv/environ/magnet_e.html 16 

17 
18 
19 

20 
21 
22 

23 
24 
25 

26 
27 

28 
29 

30 
31 
32 

33 
34 

Health Council of the Netherlands (HCN).  ELF Electromagnetic Fields Committee. 
Electromagnetic fields: Annual Update 2003. The Hague: Health Council of the Netherlands. 
Publication No. 2004/1, 2004. 

Health Protection Agency (HPA).  Power frequency electromagnetic fields, melatonin and the 
risk of breast cancer: report of an independent advisory group on non-ionising radiation. Doc 
HPA. Series B: Radiation, Chemical and Environmental Hazards. RCE-1, 2006. 

Hefeneider SH, McCoy SL, Hausman FA, Christensen HL, Takahashi D, Perrin N, Bracken 
TD, Shin JY, Hall AS. Long-term effects of 60-Hz electric vs. magnetic fields on IL-1 and IL-2 
activity in sheep. Bioelectromagnetics 22:170-177, 2001. 

Hennichs K. Cows Exposed to 400-kV Lines: Inventory and Fertility Study. Swedish 
University of Agricultural Sciences. Report 7, 1982. 

Hill, AB. The environment and disease: association or causation? Proc R Soc Med 58:295-300, 
1965. 

Hill RW, Beaver DL, Lederle P. Ecological Studies on Effects of ELF Electromagnetic Fields: 
Maximal Cold-Induced Rate of Oxygen Consumption in Mice and Birds. In: Electricity and 
Magnetism in Biology and Medicine, Blank M (Ed). 822-824, 1993a. 

Hill SD, Beaver DL, Lederle PE, Herman DL. An Investigation of the Effect of ELF 
Electromagnetic Radiation on Embryological Development in Free-living Tree Swallows, 

0700260.000 A0T0 1007 LE03 
67 

Appendix R
Appendix 57.3

http://www.hc-sc.gc.ca/iyh-vsv/environ/magnet_e.html


October 30, 2007 
 

1 
2 

3 
4 
5 

6 
7 

8 
9 

10 

11 
12 
13 

14 
15 

16 
17 
18 

19 
20 
21 

22 
23 
24 

25 
26 

27 
28 

29 
30 
31 
32 
33 
34 

35 
36 

Tachycineta bicolor. In: Electricity and Magnetism in Biology and Medicine, Blank M (Ed).  
San Francisco, CA: San Francisco Press, Inc. 347-348, 1993b 

Hilson DW, Noggle JC, Burns ER. Effects of Electric Field on Plants Growing Under High 
Voltage Transmission Lines. Office of Natural Resources, Air Quality Branch. Tennessee 
Valley Authority. Chattanooga, Tennessee. 1983. 

Hitzler JK, and Zipursky A. Origins of leukaemia in children with Down syndrome. Nat Rev 
Cancer 5:11-20, 2005.  

Hodges TK, Mitchell CA, Heydt G. Effect of Electric Fields from 765-kV Transmission Lines 
on Plant Growth. A report by Purdue University for Indiana and Michigan Electric Company, a 
Subsidiary of American Electric Power. New York, New York. 1975. 

Hodges TK, Mitchell CA. Influence on High Intensity Electric Fields on Yield of Sweet Corn 
and Dent Corn-1982. A report for the American Electric Power Service Corporation. North 
Liberty, Indiana. 1984. 

International Agency for Research on Cancer (IARC). Mechanisms of Carcinogenesis in Risk 
Identification. No. 116. IARC Press, Lyon, France, 1992. 

International Agency for Research on Cancer (IARC). IARC Monographs on the Evaluation of 
Carcinogenic Risks to Humans. Volume 80: Static and extremely low-frequency (ELF) electric 
and magnetic fields. IARC Press, Lyon, France, 2002. 

International Committee on Electromagnetic Safety (ICES).  IEEE Standard for Safety Levels 
with Respect to Human Exposure to Electromagnetic Fields 0 to 3 kHz C95. 6-2002.  
Piscataway, NJ: IEEE, 2002 

International Commission on Non-Ionizing Radiation Protection (ICNIRP).  Guidelines for 
limiting exposure to time-varying electric, magnetic, and electromagnetic fields (up to 300 
GHz). Health Phys 74:494-522, 1998. 

International Commission on Non-Ionizing Radiation Protection (ICNIRP).  Review of the 
epidemiologic literature on EMF and health.  Environ Health Perspect 109:S911-S933, 2001. 

International Commission on Non-Ionizing Radiation Protection (ICNIRP). General approach 
to protection against non-ionizing radiation. Health Phys 82:540-548, 2002. 

International Commission on Non-Ionizing Radiation Protection (ICNIRP). Exposure to static 
and low frequency electromagnetic fields, biological effects and health consequences (0-100 
kHz) – review of the scientific evidence on dosimetry, biological effects, epidemiological 
observations, and health consequences concerning exposure to static and low frequency 
electromagnetic fields (0-100 kHz). Matthes R, McKinlay AF, Bernhardt JH, Vecchia P, 
Beyret B (eds.). International Commission on Non-Ionizing Radiation Protection, 2003. 

Ivancsits S et al. Induction of DNA strand breaks by intermittent exposure to extremely-low-
frequency electromagnetic fields in human diploid fibroblasts. Mutat Res 519:1-13, 2002a. 

0700260.000 A0T0 1007 LE03 
68 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10 

11 
12 

13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 

24 
25 
26 

27 
28 
29 

30 
31 

32 
33 
34 

Ivancsits S et al. Vanadate induces DNA strand breaks in cultured human fibroblasts at doses 
relevant to occupational exposure. Mutat Res 519:25-35, 2002b. 

Ivancsits S et al. Age-related effects on induction of DNA strand breaks by intermittent 
exposure to electromagnetic fields. Mech Ageing Dev 124:847-850, 2003a. 

Ivancsits S et al. Intermittent extremely low frequency electromagnetic fields cause DNA 
damage in a dose-dependent way. Int Arch Occup Environ Health 76:431-436, 2003b. 

Jelenkovic A, Janac B, Pesic V, Jovanovic DM, Vasiljevic I, and Prolic Z. Effects of extremely 
low-frequency magnetic field in the brain of rats. Brain Res Bull 68:355-60, 2006. 

Johansen C, and Olsen JH. Mortality from amyotrophic lateral sclerosis, other chronic 
disorders, and electric shocks among utility workers. Am J Epidemiol 148:362-8, 1998. 

Johansen C, Raaschou-Nielsen O, Olsen JH, and Schuez J. Risk for leukaemia and brain and 
breast cancer among Danish utility workers - A second follow-up. Occup Environ Med 2007. 

Juutilainen J, Kumlin T, Naarala J.  Do extremely low frequency magnetic fields enhance the 
effects of environmental carcinogens? A meta-analysis of experimental studies. Int J Radiat 
Biol 82:1-12, 2006. 

Kabuto M, Nitta H, Yamamoto S, Yamaguchi N, Akiba S, Honda Y, Hagihara J, Isaka K, Saito 
T, Ojima T, Nakamura Y, Mizoue T, Ito S, Eboshida A, Yamazaki S, Sokejima S, Kurokawa 
Y, and Kubo O. Childhood leukemia and magnetic fields in Japan: a case-control study of 
childhood leukemia and residential power-frequency magnetic fields in Japan. Int J Cancer 
119:643-50, 2006. 

Karipidis K, Benke G, Sim M, Fritschi L, Yost M, Armstrong B, Hughes AM, Grulich A, 
Vajdic CM, Kaldor J, and Kricker A. Occupational exposure to power frequency magnetic 
fields and risk of non-Hodgkin lymphoma. Occup Environ Med 64:25-9, 2007a. 

Karipidis KK, Benke G, Sim MR, Yost M, and Giles G. Occupational exposure to low 
frequency magnetic fields and the risk of low grade and high grade glioma. Cancer Causes 
Control 18:305-13, 2007b. 

Kaye GC, Butrous GS, Allen A, Meldrum SJ, Male JC, Camm AJ. The effect of 50 Hz external 
electrical interference on implanted cardiac pacemakers. Pacing Clin Electrophysiol 11:999-
1008, 1988. 

Kheifets L, Swanson J, and Greenland S. Childhood leukemia, electric and magnetic fields, and 
temporal trends. Bioelectromagnetics 27:545-52, 2006. 

Kliukiene J, Tynes T, Andersen A. Residential and occupational exposures to 50-Hz magnetic 
fields and breast cancer in women: a population-based study. Am J Epidemiol 159:852-861, 
2004. 

0700260.000 A0T0 1007 LE03 
69 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 

3 
4 
5 

6 
7 

8 
9 

10 

11 
12 

13 
14 

15 
16 
17 

18 
19 
20 

21 

22 
23 
24 

25 
26 
27 

28 
29 

30 
31 
32 

33 
34 
35 

Krizaj D, Valencic V. The effects of ELF magnetic fields and temperature on differential plant 
growth. Journal of Bioelectricity 8:159-165, 1989. 

Labreche F, Goldberg MS, Valois MF, Nadon L, Richardson L, Lakhani R, Latreille B.  
Occupational exposures to extremely low frequency magnetic fields and postmenopausal breast 
cancer. Am. J Ind Med 44:643-52, 2003. 

Lee JM, Reiner GL. Transmission line electric fields and the possible effects on livestock and 
honey bees. Transactions of the American Society for Agricultural Engineers. 279-286, 1983. 

Lee JM, Stormshak F, Thompson JM, Thinesen P, Painter LJ, Olenchek EG, Hess DL, Forbes 
R, Foster DL. Melatonin secretion and puberty in female lambs exposed to environmental 
electric and magnetic fields. Biol Reprod 49:857-864, 1993. 

Lee JM, Stormshak F, Thompson JM, Hess DL, Foster DL. Melatonin and puberty in female 
lambs exposed to EMF: A replicate study. Bioelectromagnetics 16:119-123, 1995. 

Lee GM, Neutra RR, Hristova L, Yost M, Hiatt RA. A nested case-control study of residential 
and personal magnetic field measures and miscarriages. Epidemiology 13:21-31, 2002. 

Li DK, Odouli R, Wi S, Janevic T, Golditch I, Bracken TD, Senior R, Rankin R, Iriye R. A 
population-based prospective cohort study of personal exposure to magnetic fields during 
pregnancy and the risk of miscarriage. Epidemiology 13:9-20, 2002. 

Linet MS, Hatch EH, Kleinerman A, Robinson LL, Kaune WT, Friedman DR, Severson RK, 
Haines CM, Hartsock CT, Niwa S, Wachholder S, and Tarone RE. Residential exposure to 
magnetic fields and acute lymphoblastic leukemia in children. N Engl J Med 337:1-7, 1997. 

Lope V, Perez-Gomez B, Aragones N, Lopez-Abente G, Gustavsson P, Floderus B, 

Dosemeci M, Silva A, Pollan M.  Occupational exposure to ionizing radiation and 
electromagnetic fields in relation to the risk of thyroid cancer in Sweden. Scand J Work 
Environ Health 32:276-84, 2006.  

Lowenthal RM, Tuck DM, and Bray IC. Residential exposure to electric power transmission 
lines and risk of lymphoproliferative and myeloproliferative disorders: a case-control study. 
Intern Med J, 2007. 

Mahmoud AA, Zimmerman DR. High voltage transmission and environmental effects.  Right-
of-way December 15-19, 1983. 

Mahmoud AA, Zimmerman DR. Reproductive performance of pigs exposed to high voltage 
electric field: Second generation (Draft). Presented at the Summer Meeting of the American 
Society of Agricultural Engineers, 1984. 

McBride ML, Gallagher RP, Thériault G, Armstrong BG, Tamaro S, Spinelli JJ, Deadman JE, 
Fincham S, Robson D, Choi W. Power-frequency electric and magnetic fields and risk of 
childhood leukemia in Canada. Am J Epidemiol 149:831-842, 1999. 

0700260.000 A0T0 1007 LE03 
70 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 

4 
5 
6 
7 

8 
9 

10 
11 

12 
13 

14 
15 

16 
17 

18 
19 
20 
21 

22 
23 
24 
25 

26 
27 
28 

29 
30 

31 
32 
33 

34 
35 
36 
37 

McCormick DL, Boorman GA, Findlay JC, Hailey JR, Johnson TR, Gauger JR, Pletcher JM, 
Sills RC, and Haseman JK. Chronic toxicity/oncogenicity evaluation of 60 Hz (power 
frequency) magnetic fields in B6C3F1 mice. Toxicol Pathol 27:279-85, 1999. 

McCoy SL, Hefeneider SH. Effect of 60 Hz electric and magnetic fields from a 500 kV 
transmission line on interleukin 1 production and antibody response by ewe lamb. In: 
Electricity and Magnetism in Biology and Medicine, Blank M (Ed).  San  Francisco, CA: San 
Francisco Press, Inc. 633-636, 1993. 

McElroy JA, Egan KM, Titus-Ernstoff L, Anderson HA, Trentham-Dietz A, Hampton JM, and 
Newcomb PA. Occupational exposure to electromagnetic field and breast cancer risk in a large, 
population-based, case-control study in the United States. J Occup Environ Med 49:266-74, 
2007. 

McKee GW, Knievel DP, Poznaniak DT, Bankoske JW. Effects of 60 Hz high intensity electric 
fields on living plants. IEEE Transactions on Power Apparatus Systems. 97:1177-1181, 1978. 

McNally RJQ, Eden TOB. An infectious aetiology for childhood acute leukaemia: a review of 
the evidence. Br J Haematol 127:243-263, 2004. 

McNally RJ, Parker L.  Environmental factors and childhood acute leukemias and 
lymphomas.Leuk Lymphoma 47(4):583-98, 2006.   

Mejia-Arangure JM, Fajardo-Gutierrez A, Flores-Aguilar H, Martinez-Garcia MC,  Salamanca-
Gomez F, Palma-Padilla V, Paredes-Aguilera R, Bernaldez-Rios R, Ortiz-Fernandez A, 
Martinez-Avalos A, and Gorodezky C. Environmental factors contributing to the development 
of childhood leukemia in children with Down's syndrome. Leukemia 17:1905-7, 2003. 

Mejia-Arangure JM, Fajardo-Gutierrez A, Perez-Saldivar ML, Gorodezky C, Martinez-Avalos 
A, Romero-Guzman L, Campo-Martinez MA, Flores-Lujano J, Salamanca-Gomez F, and 
Velasquez-Perez L. Magnetic fields and acute leukemia in children with Down syndrome. 
Epidemiology 18:158-61, 2007. 

Mester B, Nieters A, Deeg E, Elsner G, Becker N, and Seidler A. Occupation and malignant 
lymphoma: a population based case control study in Germany. Occup Environ Med 63:17-26, 
2006. 

Mezei G, Bracken TD, Senior R, and Kavet R. Analyses of magnetic-field peak-exposure 
summary measures. J Expo Sci Environ Epidemiol 16:477-85, 2006. 

Michaelis J, Schüz J, Meinert R, Menger M, Grigat JP, Kaatsch P, Kaletsch U, Miesner A, 
Stamm A, Brinkmann K, and Karner H. Childhood leukemia and electromagnetic fields: results 
of a population-based case-control study in Germany. Cancer Causes Control 8:167-74, 1997. 

Michaelis J, Schüz J, Meinert R, Zemann E, Grigat JP, Kaatsch P, Kaletsch U, Miesner A, 
Brinkmann K, Kalkner W, and Karner H. Combined risk estimates for two German population-
based case-control studies on residential magnetic fields and childhood acute leukemia. 
Epidemiology 9:92-4, 1998. 

0700260.000 A0T0 1007 LE03 
71 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 

3 
4 
5 
6 
7 

8 
9 

10 
11 

12 
13 

14 
15 

16 
17 
18 

19 
20 

21 
22 
23 

24 
25 

26 
27 
28 

29 
30 
31 

32 
33 
34 

35 
36 

Mihai R, Cogalniceanu G, Brezeanu, A. Control of nicotiana tabacum callus growth by 
alternating and pulsed electric field. Electro- and Magnetobiology. 13:195-201, 1994. 

Miller MW, Carstensen EL, Kaufman GE, Robertson D. 60-Hz electric field parameters 
associated with the perturbation of a eukaryotic system. In: Biological effects of extremely low 
frequency electromagnetic fields. Proceedings of the Eighteenth Annual Hanford Life Sciences 
Symposium at Richland, Washington, October 16-18, 1978. Philips RD, Gillis MF, Kaune WT, 
Mahlum DD, Pacific Northwest Laboratories (Eds.). Springfield, Virginia. 109-116, 1979. 

Miller LD, Lamont JW. Observations on the development of lymphosarcoma and lymphatic 
leukemia in bovine leukemia virus-infected sheep housed under a 345-kV electrical 
transmission line.  Abstract P-84B, Page 229, Presented at the 18th Annual Meeting of the 
Bioelectromagnetics Society, 9-14 June.  Victoria, B.C. Canada. 1996 

Milham S, and Ossiander E. Historical evidence that residential electrification caused the 
emergence of the childhood leukemia peak. Med Hypotheses 56:290-5, 2001. 

Milham S, and Ossiander E. Electric typewriter exposure and increased female breast cancer 
mortality in typists. Med Hypotheses 68:450-1, 2007. 

Minder CE, and DH Pfluger. Leukemia, brain tumors, and exposure to extremely low 
frequency electromagnetic fields in Swiss railway employees. Am J Epidemiol 153:825-35, 
2001. 

Moss AJ, Carstensen E. Evaluation of the effects of electrical fields on implanted cardiac 
pacemakers. EPRI EA-3917, Project 679-6; Final Report. February, 1985. 

National Radiological Protection Board (NRPB). ELF electromagnetic fields and the risk of 
cancer: Report of an advisory group on non-ionising radiation. National Radiological 
Protection Board. Volume 12, No 1, 2001a. 

National Radiological Protection Board (NRPB). ELF electromagnetic fields and 
neurodegenerative disease. National Radiological Protection Board. Volume 12, No 4, 2001b. 

National Radiological Protection Board (NRPB). Review of the scientific evidence for limiting 
exposure to electromagnetic fields (0-300 GHz). National Radiological Protection Board. 
Volume 15, No 3, 2004. 

National Research Council (NRC). Committee on the Possible Effects of Electromagnetic 
Fields on Biologic Systems.  Possible Health Effects of Exposure to Residential Electric and 
Magnetic Fields.  National Academy Press, 1997. 

National Toxicology Program (NTP). Specifications for the conduct of studies to evaluate the 
toxic and carcinogenic potential of chemical, biological and physical agents in laboratory 
animals for the National Toxicology Program, 2006. 

National Toxicology Program (NTP).  Description of NTP study types, 2007. 
http://ntp.niehs.nih.gov/index.cfm?objectid=72015D9F-BDB7-CEBA-F4EB4F9BF507820C 

0700260.000 A0T0 1007 LE03 
72 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 

4 
5 

6 
7 

8 
9 

10 
11 

12 
13 

14 
15 
16 

17 
18 
19 

20 
21 

22 
23 
24 

25 
26 
27 

28 
29 
30 

31 
32 
33 

34 
35 
36 

Okudan B, Keskin AU, Aydin MA, Cesur G, Comlekci S, Suslu H.  DEXA analysis on the 
bones of rats exposed in utero and neonatally to static and 50 Hz electric fields. 
Bioelectromagnetics 27:589-92, 2006. 

Parsch LD, Norman MD. Impact of power lines on crop yields in eastern Arkansas. Arkansas 
Farm Research. September-October:4, 1986. 

Picton HD, Canfield JE, Nelson GP. The Impact of a 500-kV Transmission Line Upon the 
North Boulder Winter Elk Range. US Forest Service, Contract 53-0398-30E-3. 1985. 

Peplonska B, Stewart P, Szeszenia-Dabrowska N, Rusiecki J, Garcia-Closas M,  Lissowska J, 
Bardin-Mikolajczak A, Zatonski W, Gromiec J, Brzeznicki S, Brinton LA, and Blair A. 
Occupation and breast cancer risk in Polish women: a population-based case-control study. Am 
J Ind Med 50 (2):97-111, 2007. 

Qiu C, Fratiglioni L, Karp A, Winblad B, Bellander T. Occupational exposure to 
electromagnetic fields and risk of Alzheimer's disease. Epidemiology 15:687-694, 2004. 

Ray RM, Gao DL, Li W, Wernli KJ, Astrakianakis G, Seixas NS, Camp JE, Fitzgibbons ED, 
Feng Z, Thomas DB, and Checkoway H. Occupational exposures and breast cancer among 
women textile workers in Shanghai. Epidemiology 18 (3):383-92, 2007. 

Reed DD, Jones EA, Mroz GD, Liechty HO, Cattelino PJ, Jurgensen MF. Effects of 76 Hz 
electromagnetic fields on forest ecosystems in northern Michigan: tree growth. Int J 
Biometeorol 37:229-234, 1993. 

Reilly, JP. An analysis of differences in the low-frequency electric and magnetic field exposure 
standards of ices and ICNIRP. Health Phys 89:71-80, 2005. 

Rodriguez M, Petitclerc D, Nguyen DH, Block E, Burchard JF. Effect of electric and magnetic 
fields (60 Hz) on production, and levels of growth hormone and insulin-like growth factor 1, in 
lactating, pregnant cows subjected to short days. J Dairy Sci 85:2843-2849, 2002. 

Rodriguez M, Petitclerc D, Burchard JF, Nguyen DH, Block E, Downey BR.Responses of the 
estrous cycle in dairy cows exposed to electric and magnetic fields (60 Hz) during 8-h 
photoperiods. Anim Reprod Sci 77:11-20, 2003. 

Rodriguez M, Petitclerc D, Burchard JF, Nguyen DH, Block E. Blood melatonin and prolactin 
concentrations in dairy cows exposed to 60 Hz electric and magnetic fields during 8 h 
photoperiods. Bioelectromagnetics 25:508-515, 2004. 

Rogers LE, Warren JL, Gano KA, Hinds NR, Fitzner RE, Gilbert RO. Environmental Studies 
of a 1100-kV Prototype Transmission Line: An Interim Report. Prepared by Batelle Pacific 
Northwest Laboratories for Bonneville Power Administration. Portland, Oregon, 1980. 

Rogers LE, Warren JL, Hinds NR, Gano KA, Fitzner RE, Piepel GF. Environmental Studies of 
a 1100-kV Prototype Transmission Line: Annual report for the 1980 Study Period. Battelle 
Pacific Northwest Laboratories. Portland, Oregon. 1981. 

0700260.000 A0T0 1007 LE03 
73 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 
4 

5 
6 
7 

8 
9 

10 
11 

12 
13 

14 
15 

16 
17 

18 

19 
20 

21 
22 

23 
24 

25 
26 

27 
28 
29 

30 
31 
32 

Rogers LE, Warren NR, Hinds KA, Gano RE, Fitzner RE, Peipel GF. Environmental Studies of 
a 1100-kV Prototype Transmission Line: An Annual Report for the 1981 Study Period. 
Prepared by Battelle Pacific Northwest Laboratories for Bonneville Power Administration. 
Portland, Oregon. 1982. 

Roosli M, Lortscher M, Egger M, Pfluger D, Schreier N, Lortscher E, Locher P, Spoerri A, and 
Minder C. Leukaemia, brain tumours and exposure to extremely low frequency magnetic 
fields: cohort study of Swiss railway employees. Occup Environ Med 64:553-9, 2007. 

Ross JA, Spector LG, Robison LL, and Olshan AF. Epidemiology of leukemia in children with 
Down syndrome. Pediatr Blood Cancer 44 (1):8-12, 2005. 

Rothman KJ, Greenland S. Modern epidemiology. Philadelphia, PA: Lippincott-Raven 
Publishers. 1998. 

Ruzic R, Jerman I, Jeglic A, Fefer D. Electromagnetic stimulation of buds of Castanea sativa, 
mill. in tissue culture. Electro- and Magnetobiology 11:145-153, 1992. 

Savitz DA, Loomis DP, and Tse CK. Electrical occupations and neurodegenerative disease: 
analysis of U.S. mortality data. Arch Environ Health 53:71-4, 1998a. 

Savitz DA, Checkoway H, and Loomis DP.  Magnetic field exposure and neurodegenerative 
disease mortality among electric utility workers.  Epidemiology 9:398-404, 1998b. 

Savitz DA. Magnetic fields and miscarriage. Epidemiology 13:1-4, 2002. 

Savitz DA, Herring AH, Mezei G, Evenson KR, Terry, Jr. JW, and Kavet R. Physical activity 
and magnetic field exposure in pregnancy. Epidemiology 17:222-5, 2006. 

Scarfi MR et al. Evaluation of genotoxic effects in human fibroblasts after intermittent 
exposure to 50 Hz electromagnetic fields: a confirmatory study. Radiat Res 164:270-276, 2005. 

Scholten A, Silny J. The interference threshold of cardiac pacemakers in electric 50 Hz fields. J 
Med Eng Technol 25:1-11, 2001a. 

Scholten A, Silny J. The interference threshold of unipolar cardiac pacemakers in extremely 
low frequency magnetic fields. J Med Eng Technol 25:185-194, 2001b. 

Schreiber RK, Johnson WC, Story JD, Wenzel C, Kitchings JT. Effects of powerline rights-of-
way on small nongame mammal community structure. In: Proceedings of the First National 
Symposium on Environmental Concerns in Rights-Of-Way Management. January 6-8, 1976. 

Schüz J, Grigat JP, Brinkmann K, and Michaelis J. Residential magnetic fields as a risk factor 
for childhood acute leukaemia: results from a German population-based case-control study. Int 
J Cancer 91:728-35, 2001. 

0700260.000 A0T0 1007 LE03 
74 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 

15 
16 

17 
18 
19 

20 
21 
22 

23 
24 

25 
26 

27 
28 
29 
30 

31 
32 
33 

34 
35 

Schüz J, Svendsen AL, Linet MS, McBride ML, Roman E, Feychting M, Kheifets L, Lightfoot 
T, Mezei G, Simpson J, and Ahlbom A. Nighttime exposure to electromagnetic fields and 
childhood leukemia: an extended pooled analysis. Am J Epidemiol 166:263-9, 2007. 

Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR).  Possible 
Effects of Electromagnetic Fields (EMF) on Human Health.  European Commission.  
Directorate C – Public Health and Risk Assessment, 2007. 

Scientific Committee on Toxicity, Ecotoxicity and the Environment (CSTEE). Possible Effects 
of Electromagnetic Fields (EMF), Radio Frequency Fields (RF) and Microwave Radiation on 
Human Health. 2001. 

Seidler A, Geller P, Nienhaus A, Bernhardt T, Ruppe I, Eggert S, Hietanen M, Kauppinen T, 
and Frolich L. Occupational exposure to low frequency magnetic fields and dementia: a case-
control study. Occup Environ Med 64:108-14, 2007. 

Sienkiewicz ZJ, Larder S, and Saunders RD. Prenatal exposure to a 50 Hz magnetic field has 
no effect on spatial learning in adult mice. Bioelectromagnetics 17:249-52, 1996. 

Smith SD, McLeod BR, Liboff AR. Effects of CR-tuned 60 Hz magnetic fields on sprouting 
and early growth of Raphanus sativus. Bioelectrochem Bioenerg 32:67-76, 1993. 

Sobel E, Davanipour Z, Sulkava R, Erkinjuntti T, Wikstrom J, Henderson VW, Buckwalter G, 
Bowman JD, and Lee PJ. Occupations with exposure to electromagnetic fields: a possible risk 
factor for Alzheimer's disease. Am J Epidemiol 142:515-24, 1995. 

Sobel E, Dunn  MS, Davanipour Z, Qian Z, and Chui HC.  Elevated risk of Alzheimer’s 
disease among workers with likely electromagnetic field exposure.  Neurology 47:1477-1481, 
1996.  

Sommer AM and Lerchl A. The risk of lymphoma in AKR/J mice does not rise with chronic 
exposure to 50 Hz magnetic fields (1 microT and 100 microT). Radiat Res 162:194-200, 2004. 

Sommer AM and Lerchl A. 50 Hz magnetic fields of 1 mT do not promote lymphoma 
development in AKR/J mice. Radiat Res 165:343-9, 2006. 

Sorahan T, Nichols L, Van Tongeren M, and Harrington JM.  Occupational exposure to 
magnetic fields relative to mortality from brain tumours: updated and revised findings from a 
study of United Kingdom electricity generation and transmission workers, 1973-97.  Occup 
Environ Med 58:626-630, 2001. 

Sorahan T and Kheifets L. Mortality from Alzheimer's, motor neurone and Parkinson's disease 
in relation to magnetic field exposure: findings from the study of UK electricity generation and 
transmission workers, 1973-2004. Occup Environ Med, 2007. 

Stormshak F, Bracken TD, Carey M, Chartier V, Dickson L, Forbes R, Hall A, Havens P, Hess 
D, Krippaehne S, Lee J, Ogden B, Olenchek B, Painter L, Rowe K, Stearns R, Thinesen P, 

0700260.000 A0T0 1007 LE03 
75 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 

3 
4 
5 
6 

7 
8 

9 
10 
11 

12 
13 
14 

15 
16 
17 

18 
19 

20 
21 
22 

23 
24 
25 

26 
27 

28 
29 

30 
31 

32 

33 
34 

Thompson J. Joint HVAC Transmission EMF Environmental Study: Final Report on 
Experiment 1. Bonneville Power Adminstration, Contract # DE-B179-90BPO4293. May, 1992. 

Stroup, D. F., J. A. Berlin, S. C. Morton, I. Olkin, G. D. Williamson, D. Rennie, D. Moher, B. 
J. Becker, T. A. Sipe, and S. B. Thacker. Meta-analysis of observational studies in 
epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in 
Epidemiology (MOOSE) group. JAMA 283:2008-12, 2000. 

Susser, M. What is a cause and how do we know one? A grammar for pragmatic epidemiology. 
Am J Epidemiol 133:635-648, 1991. 

Svendsen AL, Weihkopf T, Kaatsch P, and Schüz J. Exposure to magnetic fields and survival 
after diagnosis of childhood leukemia: a German cohort study. Cancer Epidemiol Biomarkers 
Prev 16:1167-71, 2007. 

Swedish Radiation Protection Authority (SSI). Fourth annual report from SSI’s Independent 
Expert Group on Electromagnetic Fields, 2006:  Recent Research on EMF and Health Risks.  
SSI Rapport 2007:04. 

Thompson JM, Stormshak F, Lee JM, Hess DL, Painter L. Cortisol secretion and growth in 
ewe lambs chronically exposed to electric and magnetic fields of a 60-Hertz 500-Kilovolt AC 
transmission line. J Anim Sci 73:3274-3280, 1995. 

Toivonen L, Metso R, Valjus J, Hongisto M.  The influence of 50hz electric and magnetic 
fields on cardiac pacemakers.  Imatran Voima Oy: Research Reports; Helsinki, 1991. 

Trigano A, Blandeau O, Souques M, Gernez JP, Magne I. Clinical study of interference with 
cardiac pacemakers by a magnetic field at power line frequencies. J Am Coll Cardiol 45:896-
900, 2005. 

Udroiu I, Cristaldi M, Ieradi LA, Bedini A, Giuliani L, and Tanzarella C. Clastogenicity and 
aneuploidy in newborn and adult mice exposed to 50 Hz magnetic fields. Int J Radiat Biol 
82:561-7, 2006. 

United Kingdom Childhood Cancer Study Investigators (UKCCS).  Exposure to power 
frequency magnetic fields and the risk of childhood cancer. The Lancet 353:1925-1931, 1999. 

United Kingdom Childhood Cancer Study Investigators (UKCCS). Childhood cancer and 
residential proximity to power lines. Br J Cancer 83:1573-1580, 2000. 

US Environmental Protection Agency (USEPA)  US EPA Guidelines for Developmental 
Toxicity Risk Assessment.  EPA/56 FR 63798-63826, 1991. 

US Environmental Protection Agency (USEPA). EMF in your environment. 1992. 

US Environmental Protection Agency (USEPA).  Health effects test guidelines – Prenatal 
developmental toxicity study.  EPA/712-C-98-207, 1998. 

0700260.000 A0T0 1007 LE03 
76 

Appendix R
Appendix 57.3



October 30, 2007 
 

1 
2 

3 
4 
5 

6 
7 

8 
9 

10 
11 

12 
13 
14 

15 
16 
17 
18 

19 
20 
21 

22 
23 

24 
25 
26 
27 

28 
29 

30 
31 
32 

33 
34 
35 
36 

US Environmental Protection Agency (USEPA).  A review of the reference dose and reference 
concentration process.  EPA/630/P-02/002F, 2002. 

US Environmental Protection Agency (USEPA). Guidelines for carcinogen risk assessment and 
supplemental guidance for assessing susceptibility from early-life exposure to carcinogens.  
EPA/630/P-03/001F, 2005. 

Ware BJ. Effect of 765-kV Transmission Lines on Animal Grazing Habits. American Electric 
Power Service Corp. New York. 1974. 

Warren NR, Hinds KA, Gano RE, Fitzner RE, Piepel GF. Environmental Studies of a 1100-kV 
Prototype Transmission Line: an Annual Report for the 1980 Study Period. Prepared by 
Battelle Pacific Northwest Laboratories for Bonneville Power Administration. Portland, 
Oregon. 1981. 

Williams JH, Beiler EJ. An Investigation of Dairy Farm Operation In Association with 765-Kv 
Transmission in Ohio. Ohio Power Siting Commission and Cleveland Electric Illuminating 
Company. Cleveland, Ohio. 1979. 

World Health Organization (WHO). Environmental Health Criteria 35. Extremely Low 
Frequency (ELF) Fields.  Published under the joint sponsorship of the United Nations 
Environment Programme, the World Health Organization and the International Radiation 
Protection Association, 1984. 

World Health Organization (WHO). Environmental Health Criteria 170. Assessing human 
health risks of chemicals: Derivation of guidance values for health-based exposure limits. 
International Programme on Chemical Safety, 1994 

World Health Organization (WHO).  WHO Handbook on: Establishing a dialogue on risks 
from electromagnetic fields. World Health Organization, 2002. 

World Health Organization (WHO).  Framework for Developing Health-Based Standards. 
Geneva, Switzerland: World Health Organization, 2006. 
World Health Organization (WHO). Environmental Health Criteria 238: Extremely Low 
Frequency (ELF) Fields. WHO, Geneva, Switzerland, ISBN 978-92-4-157238-5, 2007. 

Yamaguchi S, Ogiue-Ikeda M, Sekino M, and Ueno S. Effects of pulsed magnetic stimulation 
on tumor development and immune functions in mice. Bioelectromagnetics 27:64-72, 2006. 

Zaffanella, L.E.  1993.  Survey of residential magnetic field sources.  Vol. 1: Goals, results, and 
conclusions.  (EPRI TR-102759-V1, Project 3335-02).  Electric Power Research Institute, Palo 
Alto, CA. 

Zapotosky JE, Gauger JR, Haradem DP. ELF Communications System Ecological Monitoring 
Program: Final Summary Report. Washington, DC: Space and Naval Warfare Systems 
Command, Report No. D06214-6. Prepared by IIT Research Institute, Chicago, IL. February. 
Available through NTIS. 1996.

0700260.000 A0T0 1007 LE03 
77 

Appendix R
Appendix 57.3



October 30, 2007 
 

 

A-1

Appendix A - Figure 1. Structured Literature Review – Epidemiologic Studies Related to 60/50-Hz EMF and Relevant Health 
Effects 
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Reproductive effects 
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Adult brain cancer 
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Breast Cancer 
TOTAL: 6 

Pooled Analyses 
TOTAL: 1 

Search terms: (EMF OR “magnetic fields” OR “magnetic field” OR “electric fields” OR “electric field” OR “electromagnetic”) 
AND (cancer OR leukemia OR lymphoma OR reproduction OR reproductive OR developmental OR development OR 
miscarriage OR “neurodegenerative disease” OR “Alzheimer's disease” OR “amyotrophic lateral sclerosis” OR “ALS” OR 
“Lou Gehrig's disease”)  
Search: All Fields 

In vivo studies 
TOTAL: 7 

Neurodegenerative 
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TOTAL: 3

ExcludedIncluded
1 This group includes in vitro studies and studies looking at other frequencies on the electromagnetic spectrum.  
2 27 original studies were identified.  Two of these studies examined both adult leukemia and nervous system tumors (Johansen et al., 2007; Roosli et al., 2007), and one study examined 

thyroid cancer and was not considered further (Lope et al., 2006).  
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