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INTRODUCTION
Combination antiretroviral therapy (ART) transformed HIV from a
deadly to a lifelong disease and is also one of the most effective strategies for preventing onward infections (1, 2). However, among men
having sex with men (MSM), the substantial scale-up of ART in the
past 20 years has not resulted in appreciable reductions of new HIV
infections and diagnoses (Table 1) (3). Building on successful behavioral and biomedical HIV prevention strategies (4), further interventions exist that could be used to reduce the number of HIV infections
among MSM. The 2016 World Health Organization (WHO) guidelines now recommend ART initiation regardless of CD4 cell count
after diagnosis (immediate ART), as well as provision of antiretrovirals
as preexposure prophylaxis (PrEP) to those at substantial risk of infection (5). Future prevention programs could focus on one or both recommended interventions, as well as on increased routine HIV testing
and diagnosis (6); RNA testing to detect MSM with acute infection, at
which time they are thought to be most infectious (7); and improved
adherence and linkage support to assist patients with attaining and
sustaining undetectable viral loads while on ART (8). The potential
impact of any of these interventions, and specifically those recommended by the WHO, relies crucially on how many HIV transmissions
originate from different stages in the entire HIV infection and care
continuum, ranging from undiagnosed acute infection through treated
infection and loss to follow-up. This has been challenging to measure
directly through classical epidemiological approaches.
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Here, we use the viral phylogenetic relationship between partial
HIV-1 subtype B polymerase sequences to reconstruct past, probable
transmission events in the Netherlands (Fig. 1). These sequences were
routinely collected for drug resistance testing of HIV-infected patients
who are in care (9). Among sampled MSM, 94% were of subtype B.
Then, we use clinical records to determine the staging of probable transmission events within the infection and care continuum (Fig. 2A and
Table 2). This enabled us to estimate the population-level proportion
of transmissions among the reconstructed transmission events that
are attributable to the 14 stages of the infection and care continuum
in Fig. 2A. Transmissions could be attributed to stages before diagnosis because HIV sequences, always collected after diagnosis, diverge
fast enough to indicate past transmission events (10). Similarly, transmissions could also be attributed to men with no contact to care for at
least 18 months. Finally, using these estimates, we quantified the
potential impact of currently not implemented prevention programs
in the Dutch MSM population, had they been used in the last 3 years.
In particular, we evaluate if the revised 2016 WHO guidelines on immediate ART and PrEP could have substantially altered the course of
the Dutch HIV epidemic among MSM.
Understanding which interventions should be prioritized for the
Dutch MSM epidemic is an important case study. First, the number
of new MSM infections in the Netherlands has not decreased appreciably (9) despite comprehensive linkage and retention in care, substantial ART scale-up free of charge, and frequent follow-up to maintain
viral control of the vast majority of those on ART (Table 1). Second,
similar epidemic trends are reported from other countries with an overall equally comprehensive cascade of care (Table 1), casting more general
doubts on the population-level impact of current prevention strategies
targeting MSM epidemics (11). Third, nearly all HIV-infected MSM in care
are enrolled in the nationwide Aids Therapy Evaluation in the Netherlands
cohort (ATHENA) since early 1996 (9). HIV care is monitored comprehensively at high frequency (clinic visits, treatment histories, comorbidities
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New HIV diagnoses among men having sex with men (MSM) have not decreased appreciably in most countries, even
though care and prevention services have been scaled up substantially in the past 20 years. To maximize the impact of
prevention strategies, it is crucial to quantify the sources of transmission at the population level. We used viral
sequence and clinical patient data from one of Europe’s nationwide cohort studies to estimate probable sources of
transmission for 617 recently infected MSM. Seventy-one percent of transmissions were from undiagnosed men, 6%
from men who had initiated antiretroviral therapy (ART), 1% from men with no contact to care for at least 18 months,
and 43% from those in their first year of infection. The lack of substantial reductions in incidence among Dutch MSM is
not a result of ineffective ART provision or inadequate retention in care. In counterfactual modeling scenarios, 19% of
these past cases could have been averted with current annual testing coverage and immediate ART to those testing
positive. Sixty-six percent of these cases could have been averted with available antiretrovirals (immediate ART
provided to all MSM testing positive, and preexposure antiretroviral prophylaxis taken by half of all who test negative
for HIV), but only if half of all men at risk of transmission had tested annually. With increasing sequence coverage,
molecular epidemiological analyses can be a key tool to direct HIV prevention strategies to the predominant sources
of infection, and help send HIV epidemics among MSM into a decisive decline.
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recorded; ~3 viral loads/CD4 measurements per year per individual) (9),
which allowed us to characterize phylogenetically reconstructed transmission events in detail.

RESULTS

Table 1. HIV incidence trends and care for infected MSM in the Netherlands and other countries.

Country

Uninfected
MSM
testing
annually
Year

The Netherlands

Diagnosed
MSM
receiving
ART

Treated
MSM with
suppressed
viral load

MSM
retained
in care

HIV incidence
among MSM

%

Year

%

Median
CD4
count at
ART
initiation
(cells/ml)

Year

%

Viral load
threshold
(cps/ml)

Year

%

Year

Trend

Increasing*

2003

??

2003

79

202

2003

80

<100

2003

92

2003

2013

38.4†

2013

90

382

2013

91

<100

2012

95

2013

Stable*

Australia

2013

61.1‡

2013

75‡

379§¶

2013

88¶||

<50

2013

96§¶

2013

Stable to
increasing**

British
Columbia

2009

51††

2014

85‡‡

411‡‡

2014

84‡‡

<50

2011

86¶§§

2013

Stable¶¶

Switzerland

2010

39.3†

2014

86||

402||

||

2012

96¶***

<200

2012

97¶†††

2014

Decreasing new
diagnoses‡‡‡

UK

2010

36.4†

2013

86§§§

420¶¶¶

2013

91|| || ||

<200

2013

95||

2013

Stable****

||

|| ||

*From (47).
†From The EMIS Network. EMIS 2010: The European Men-Who-Have-Sex-With-Men Internet Survey. Findings from 38 countries. Stockholm: European Centre for Disease Prevention and
Control, 2013.
‡From Gay Community Periodic Surveys, https://kirby.unsw.edu.au/projects/gay-community-periodic-surveys, reported in HIV, hepatitis, and sexually transmissible infections in
Australia Annual surveillance report 2014.
§From Australian HIV Observational Database Annual Report 2014, reporting care indicators in a closed observational cohort.
¶Estimate not specific
to MSM.
||From the Australian HIV Observational Database, reported in HIV, hepatitis, and sexually transmissible infections in Australia Annual surveillance report 2014.
**From fact sheet HIV
and AIDS in Australia, 20th International AIDS conference.
††From Mancount, prospective cross-sectional survey in Vancouver, www.mancount.ca/files/ManCount_Report2010.pdf.
‡‡From
HIV monitoring quarterly report for British Columbia, fourth quarter 2014.
§§From B. Nosyk, J. S. Montaner, G. Colley, V. D. Lima, K. Chan, K. Heath, B. Yip, H. Samji, M. Gilbert, R. Barrios, R. Gustafson,
R. S. Hogg, The cascade of HIV care in British Columbia, Canada, 1996–2011: A population-based retrospective cohort study. Lancet Infect. Dis. 14, 40–49 (2014).
¶¶From www.phac-aspc.gc.ca/aidssida/publication/epi/2010/index-eng.php.
|| ||2621 of 3081 MSM on ART and registered in the Swiss HIV Cohort Study, personal communication with the Datacenter of the Swiss HIV Cohort
Study.
***From P. Kohler, A. J. Schmidt, B. Ledergerber, P. Vernazza, CROI2015, www.croiconference.org/sites/default/files/posters-2015/1008.pdf.
†††From www.shcs.ch/155-shcs-key-datafigures, update June 2014.
‡‡‡From HIV- und STI-Fallzahlen 2014: Berichterstattung, Analysen und Trends, in comparison with numbers for 2008 in the 2012 report, www.bag.admin.ch/hiv_aids/
12472/12480/12481/12484/index.html?lang=de.
§§§From www.gov.uk/government/statistics/hiv-data-tables.
¶¶¶Within 9 months before ART initiation, personal communication
PHE.
|| || ||From HIV in the UK: 2014 Report.
****From P. J. Birrell, O. N. Gill, V. C. Delpech, A. E. Brown, S. Desai, T. R. Chadborn, B. D. Rice, D. De Angelis, HIV incidence in men
who have sex with men in England and Wales 2001–10: A nationwide population study. Lancet Infect. Dis. 13, 313–318 (2013).
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Potential transmissions to MSM that were confirmed to
have recent infection at time of diagnosis
By 2013, 11,863 HIV-infected MSM were registered and still in care in
the Netherlands. To estimate their sources of transmission and then the
impact of prevention programs, we focused on transmissions to MSM
that were recently infected at time of diagnosis (stage A in Fig. 1). Between July 1996 and December 2010, 1794 MSM were confirmed to
have been infected at most 12 months before diagnosis. Types of evidence were a previous negative HIV test (76%), laboratory diagnosis
(7%), or clinical diagnosis of acute infection (17%). For 1045 (58%)
of these, a sequence was available. To these recipient MSM, we
considered as potential transmitters all HIV-infected men whose
course of infection overlapped with the infection window of the recipient (stage A in Fig. 1). Using this approach, we could resolve the timing and direction of potential transmission events (12). Of all 12,207
potential transmitters, 5593 (46%) had a viral sequence and formed
~4.4 million potential transmission pairs with sequences available for
both individuals (stage B in Fig. 1).

Phylogenetically probable transmission events
Genetic sequences of the virus alone cannot prove epidemiological
linkage (13). However, most of the potential transmission pairs could be
ruled out as implausible based on the phylogenetic relationship of
the viral sequences. The viral phylogeny among the Dutch sequences
and their closest matches in the Los Alamos HIV sequence database
(www.hiv.lanl.gov/) were reconstructed with maximum-likelihood
methods, and reliable subtrees were identified (see Material and Methods).
Potential transmitters whose sequences did not occur in the same reliable subtree as those of the recipient MSM were excluded (stage C in
Fig. 1) (10), as were potential transmitters whose sequences were incompatible with a direct HIV transmission event (stage D in Fig. 1)
(14). Direct transmission could be excluded in 99.96% of all potential
transmission pairs. We identified 903 phylogenetically probable transmitters to 617 recipient MSM in 2343 pairs. Our analyses are based on
this open observational cohort of past, phylogenetically reconstructed
transmission events.
To guide and interpret this exclusion analysis, we evaluated patterns of viral divergence between sequences isolated from epidemiologically confirmed transmission pairs (14, 15) and pairings of
Dutch MSM that could not have infected each other (see Material
and Methods). On the basis of these pairs, the above exclusion criteria were highly specific (true transmitters to recipients are not excluded, >90%), whereas sensitivity was low (incorrect transmission
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13,421 patients in ATHENA data set

Viral evolutionary analyses
to exclude potential transmitters

Matching of clinical data
to associate infection/care stages

1794 recipient MSM

12,193 potential transmitters

1045 recipient MSM
with a sequence

5585 potential transmitters
with a sequence

673 clustering
recipient MSM

1567 co-clustering
potential transmitters

617 recipient MSM with
a probable transmitter

903 probable
transmitters

Probable transmission interval,
duration 6 weeks

13,169 probable
transmission
intervals

Probable transmitter

}
}
}
}

~ 9.7 million potential
transmission pairs

A

~ 4.4 million pairs with
a sequence

B

6031 co-clustering
pairs

C

2343 probable
transmission pairs

D

Probable transmitter
Estimated proportion of
transmissions by stage,

Sources of HIV transmission
The population-level proportions of
Estimated proportion of
HIV transmissions attributable to the
Infection window of recipient,
transmissions that could
1 year or less
have been averted
14 infection/care stages were obtained
E
F
by summing individual-level transmisFig. 1. Study design. Nationwide sources of transmission were identified of MSM with evidence of re- sion probabilities by stage across all recent infection in the first year before diagnosis (recipient MSM). (A) Out of all patients in the ATHENA cipients and are shown in Table 4.
cohort, men whose course of infection overlapped with the infection window were considered as poFigure 3 compares the proportion of
tential transmitters. (B) Only those pairs with sequences from both individuals were considered for furtransmissions from each stage to the
ther analysis. (C and D) With viral phylogenetic analyses, the vast majority of pairs could be ruled out. All
remaining pairs were considered phylogenetically probable. (E) On the basis of detailed clinical records, population-level proportion of infected
probable transmission events were characterized by stage in the HIV infection and care continuum. Be- men in these stages. Between July 1996
cause transmitters progressed in stage over time, we considered time-resolved transmission intervals. and December 2010, an estimated 71%
(F) Independent viral phylogenetic data from epidemiologically confirmed pairs were used to determine the (66 to 73%) of all 617 transmission
phylogenetic probability of direct transmission during each interval. Statistical analyses were adjusted for events originated from undiagnosed
extensive sampling and censoring biases.
men, 22% (21 to 26%) from diagnosed
but not yet treated men, 6% (5 to 8%)
from men who initiated ART, and 1%
pairs could not always be excluded, ~60%). This indicates that the (0.7 to 1.6%) from men with no contact to care for at least 18 months.
actual transmitter is almost certainly among the phylogenetically re- An estimated 43% (37 to 46%) of the 617 recipient MSM were infected
constructed, probable transmitters, provided he was sequenced. by men undergoing their first year of infection.
From the known sequence coverage alone, we expected that about
half of all 1045 recipient MSM with a sequence had their actual Impact of prevention strategies
transmitter sampled, further suggesting that the actual transmitter Figure 4 describes the counterfactual prevention scenarios for which
is among the phylogenetically reconstructed, probable transmitters we calculated the proportion of transmissions in the cohort that could
for the large majority of the reconstructed 617 transmission events. have been averted between mid-2008 to December 2010, had we interThe clinical and demographic characteristics of the selected 617 re- vened to redistribute the identified, probable transmitters to less infeccipient MSM were typical of all 1794 MSM that were confirmed to have tious infection/care stages. Young MSM are at particularly high risk of
infection (17, 18). We therefore considered—along the revised 2016
recent infection at time of diagnosis (Table 3).
WHO guidelines (5)—rollout of immediate ART to all infected MSM
Characterization of individual transmission events by
and PrEP to half of all MSM age 30 years or younger who test negative:
stage in the HIV infection and
at most, 30% (22 to 39%) of infections could have been averted without
care continuum
increased annual testing. Immediate ART alone could have averted 19%
Using clinical records, we then enumerated all stages in the HIV (13 to 26%) of these cases at current testing levels. In practice, low adinfection and care continuum during which the 617 transmission herence is associated with decreasing effectiveness of PrEP (19). We asevents could have occurred. Probable transmitters progressed in sumed an 86% efficacy of PrEP as reported in the recent Ipergay and
stage over time and overlapped with infection windows in 13,169 PROUD trials (20, 21). Figure S12 reports the impact of lower efficacy
time-resolved, 6-week-long transmission intervals (Fig. 2B). Censoring values. Figure S13 reports the impact of lower or higher PrEP coverage.
and sequence sampling biases were identified for each stage by com- Next, we considered increased annual testing. Only 17% of identified probparing men with and without a sequence, and were adjusted in line able transmitters had a last negative test in the year before diagnosis comwith previous work (16). Reflecting targeted sequence collection, inter- pared to 27% of diagnosed MSM between mid-2008 and December 2010
vals were not missing at random (Fig. 2C and fig. S9). Each interval and 38% of uninfected MSM in 2013 (Table 1). If half of all transmitters
Recipient

}

Sequence sampled
Diagnosis
Undiagnosed
Diagnosed
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Known transmission
pairs
to assign
transmission
probabilities to each
interval

was associated with a phylogenetic transmission probability on the basis of the
genetic distance between sequences from
the transmitter and recipient and the
time elapsed since the putative transmission interval and the sampling dates of
both individuals (see Materials and
Methods and fig. S10). For each recipient, the probability that transmission
occurred from one of the 14 stages
then depends on the number of his
probable transmitters in that stage and
the transmission probabilities associated
with each of the corresponding transmission intervals (see Materials and
Methods).
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Table 2. Stages in the HIV infection and care continuum.
Infection/care stage of transmitter

Definition

Undiagnosed

Transmission intervals whose midpoint is before diagnosis:

Confirmed to have recent infection at diagnosis

All transmission intervals of transmitters that were
confirmed to have recent infection at time of diagnosis.

Estimated to have recent infection

Considering transmitters that had no evidence of recent infection
at time of diagnosis, all transmission intervals whose midpoint is less
than 12 months after the estimated infection date.

Estimated to have chronic infection

Considering transmitters that had no evidence of recent infection
at time of diagnosis, all transmission intervals whose midpoint is
more than 12 months after the estimated infection date.

Diagnosed

Transmission intervals whose midpoint is after diagnosis and before
ART start (only of transmitters that are in contact with care services):
Considering transmitters who had confirmed recent infection at time
of diagnosis, all transmission intervals whose midpoint is within the
first 3 months after diagnosis.

No CD4 measured

No available CD4 count since diagnosis up to the midpoint of the interval.

CD4 >500

CD4 counts remained above 500 cells/ml between the first
CD4 count and the midpoint of the interval.

CD4 350–500

CD4 counts decreased to 350–500 cells/ml between the first
CD4 count and the midpoint of the interval.

CD4 <350

CD4 counts decreased to below 350 cells/ml between the first
CD4 count and the midpoint of the interval.

ART initiated

Transmission intervals whose midpoint is after ART start (only of
transmitters that are in contact with care services):

Before first viral suppression

No first viral load measurement below 100 copies/ml in any
transmission interval of the transmitter after ART start

After first viral suppression*
No viral load measured*

No viral load measurement in any transmission interval
of the transmitter after ART start

No viral suppression*

At least one viral load measurement at or above 100 copies/ml in
any transmission interval of the transmitter after ART start

Viral suppression, one observation*

One viral load measurement in any transmission interval of the
transmitter after ART start, which is below 100 copies/ml.

Viral suppression, ≥2 observations*

Several viral load measurements in any transmission interval of the
transmitter after ART start, all of which are below 100 copies/ml.

Not in contact

No patient record (last contact, clinic visit, CD4 measurement,
viral load measurement) in the past and future 9 months from
the midpoint of the transmission interval.

*Although flow through the stages is typically unidirectional, men could move freely between these stages.

had tested annually, immediate ART and PrEP to half of all MSM age
30 years or younger who test negative could have averted 45% (34 to
56%) of infections. Comprehensive rollout of PrEP to half of all men
testing negative irrespective of their age would have substantially
boosted the combination intervention: 66% (50 to 78%) of infections
could have been averted.

DISCUSSION
HIV epidemics among MSM have, unlike other settings (22), not declined appreciably with substantial improvements to care and ART
scale-up (Table 1). We characterized 617 past transmission events

among MSM in the Netherlands based on phylogenetic and clinical
data, estimated their sources throughout the infection and care continuum, and quantified the impact that biomedical prevention programs
could have had in averting the reconstructed transmission events.
Analyzing this transmission cohort, we aim to inform the design
of future prevention interventions beyond high levels of ART coverage and the numerous successful behavioral interventions that are
already in place (9).
A potential limitation of this study is that transmitters to MSM with
recent infection at diagnosis may differ from typical transmitters. On
average, fewer men diagnosed late with a CD4 count below 350 cells/
ml occurred in phylogenetic transmission clusters with a recipient MSM
compared to those without (fig. S23). This may imply that, overall,
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Diagnosed <3 months, confirmed recent
infection at diagnosis
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A
Infection/care stages
assigned to probable transmission
intervals

Undiagnosed

Probable transmission
interval, 6 weeks

Diagnosed

Confirmed to have
recent infection
at diagnosis

Diagnosed <3
months confirmed
recent infection
at diagnosis

Estimated to have
recent infection

No CD4 measured

Estimated to have
chronic infection

CD4 > 500

ART started,
before 1st viral
suppression

Not in
contact

ART started,
after 1st viral
suppression
No viral load measurement

No contact
for 18 months
or more

No viral suppression
Viral suppression, one
observations
Viral suppression, several
observations

No viral load
measurement below
100 cps/ml

CD4 in 350–500
CD4 < 350

Recipient

}

Sequence sampled
Diagnosis

Infection window,
at most 1 year

B

Undiagnosed
Diagnosed

C

After diagnosis
(observed)

Probable transmission intervals
per 100 recipient MSM
(person-years)

Probable transmission intervals
per 100 recipient MSM
(person-years)

Before diagnosis
(observed)

600

400

200

0

Before diagnosis
(expected missing)

After diagnosis
(expected missing)

600

400

200

0
96/07−06/06

08/01−09/06

06/07−07/12

96/07−06/06

09/07−10/12

96/07−06/06

08/01−09/06

06/07−07/12

09/07−10/12

08/01−09/06

06/07−07/12

96/07−06/06

09/07−10/12

08/01−09/06

06/07−07/12

09/07−10/12

Fig. 2. Phylogenetically probable transmission intervals, linked to
stages in the infection and care continuum. (A) Left: Each recipient could
have been infected during his infection window from multiple probable transmitters. For each transmitter, the transmission window was split into 6-weeklong probable transmission intervals. Infection/care stages were assigned to
these intervals on the basis of clinical data to reflect progression of the transmitters through the infection/care continuum. Right: Relationship between the 14
infection/care stages as defined in Table 2. Transmitters progress
unidirectionally, except for stages after first viral suppression, or when individuals reenter care (as indicated by arrows). (B) For each stage, the
total number of observed transmission intervals to recipient MSM during
their infection windows is shown by date of diagnosis of the recipients.

Overall, the number of probable transmission intervals per recipient increases with time, reflecting the increasing number of infected men in
care. Transmitters are increasingly less likely to have been diagnosed
by 2013, resulting in a decreasing number of undiagnosed transmission
intervals toward the present. (C) In addition to censoring, diagnosed
transmitters may not have a sequence sampled. Comparing men with
and without a sequence in the near-complete population cohort, we
could adjust for these biases. The total number of expected missing transmission intervals to recipients is shown, along with 95% bootstrap confidence intervals. Observed and expected missing transmission intervals
were associated with phylogenetic transmission probabilities, which
sum to 1 per recipient.

the proportion of transmissions from undiagnosed men with chronic
infection is higher and, consequently, that the impact that immediate
ART could have had is lower than our estimates. Conversely, the impact of increased annual testing and PrEP could be larger than reported,
if men diagnosed late are not more difficult to reach than the average
transmitter in our cohort. Further, this study focuses on the sources and

prevention of in-country transmissions: 97% of the recipient MSM reported that infection was likely acquired in the Netherlands, compared
to 86% of diagnosed MSM. The contribution of cross-border transmissions may increase as the response is strengthened (23), an effect that we
did not consider. Phylogenetic uncertainty and the phylogenetic exclusion criteria had little impact on our findings (figs. S14 to S22). A further
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Table 3. Characteristics of the recipient MSM with identified sources of transmission. IQR, interquartile range.
Recipient MSM with a phylogenetically
probable transmitter (n = 617)

Recipient MSM with or
without a sequence (n = 1794)

Diagnosed
MSM (n = 7978)

Previous negative test in the past year (%)

77

76

17

Laboratory diagnosis (%)

8

7

2

Clinical diagnosis of acute infection (%)

15

17

4

Age at diagnosis (years; mean and IQR)

36.8
(29.5–42.9)

37.2
(29.9–43.5)

38.7
(31.3–45.1)

First CD4 count within 12 months of diagnosis
and before ART start (cells/ml; mean
and IQR)

505
(350–630)

534
(360–670)

402
(200–560)

Viral load count within 12 months of diagnosis
(log10 RNA; mean and IQR)

4.9
(4.4–5.5)

4.8
(4.3–5.4)

4.7
(4.3–5.3)

Characteristic
Evidence for infection in the past year

45.1

43.5

43.6

Last negative test within 12 months before
diagnosis (%)

77.0

76.1

17.1

Self-reported in country infection* (%)

96.9

91.9

88.5

*Of those self-reporting a country of origin.

Table 4. Proportion of transmissions by stage in the HIV infection and care continuum.
% of transmissions by time of diagnosis of recipient MSM (95% confidence interval)
Infection/care stage of transmitter

Undiagnosed (total)

Overall
(n = 617)

Jul. 1996 to
Apr. 2006
(n = 165)

May 2006 to
Dec. 2007
(n = 145)

Jan. 2008 to
Jun. 2009
(n = 151)

Jul. 2009 to
Dec. 2010
(n = 156)

70.9 (65.8–72.5)

67.6 (59.3–72.7)

72.3 (64.2–76.9)

71.8 (63.4–76.3)

72.2 (63.3–76.3)

Confirmed recent infection at diagnosis

15.5 (11.9–17.4)

15 (7.6–19.4)

21.7 (15–26.5)

16.4 (11–20.8)

9.4 (5.6–14.1)

Estimated to have recent infection

25.1 (19.4–28.1)

17.3 (11.7–22.7)

23 (15.1–30.1)

25.9 (15.4–33.6)

34.6 (19.4–43.4)

Estimated to have chronic infection

30.3 (28–34)

35.2 (30.2–42)

27.6 (22.4–34)

29.5 (24.2–36.1)

28.2 (23–35.7)

Diagnosed (total)

22.4 (20.7–26.2)

23.6 (18.5–29.7)

22.9 (18.6–29.1)

22.8 (18.3–29.4)

20.7 (17.4–27.3)

Diagnosed <3 months, recent
infection at diagnosis

2.9 (2.2–4.1)

2.5 (1–4.9)

3.2 (1.7–5.5)

3 (1.9–5.4)

2.8 (1.8–4.4)

No CD4 measured

1.6 (1.2–2.4)

2.9 (1.6–4.8)

0.8 (0.4–1.8)

1.5 (0.6–3)

1 (0.6–2.1)

CD4 >500

8.3 (7–10.3)

10.2 (6.7–14.2)

7 (4.5–10.8)

8.7 (5.9–12.5)

7.1 (5.4–10.1)

CD4 in 350–500

6.4 (5.4–7.9)

4.8 (2.6–7.8)

7.3 (5.1–10.5)

5.9 (4.2–8.3)

7.7 (5.7–11)

CD4 <350

3.4 (2.5–4.3)

3.2 (1.2–5.5)

4.6 (2.6–6.6)

3.7 (2.2–5.6)

2.1 (1.3–3.3)

5.7 (5.2–7.8)

7 (4.8–11.7)

3.7 (2.2–6.5)

4.9 (3.7–8.1)

6.7 (5.4–10.2)

1.8 (1.6–2.7)

2.2 (1.2–4.4)

0.7 (0.4–1.5)

1.3 (0.9–2.6)

2.8 (2.1–4.6)

ART initiated (total)
Before first viral suppression
After first viral suppression
No viral load measured

0.5 (0.3–1)

0.9 (0.1–2.4)

0.1 (0–0.3)

0.3 (0.1–0.9)

0.8 (0.4–1.8)

No viral suppression

1.4 (0.9–2.1)

2.8 (1.2–5.2)

1.2 (0.4–2.6)

0.9 (0.4–1.9)

0.5 (0.1–1)

Viral suppression, one
observation

0.4 (0.3–0.8)

0.1 (0–0.5)

0.2 (0–0.8)

0.5 (0.2–1.7)

0.6 (0.3–1.5)

1.6 (1.1–2.5)

1 (0.1–2.6)

1.5 (0.6–3.1)

1.9 (0.9–3.6)

2 (1.1–3.6)

Viral suppression, ≥2 observations
Not in contact
Recent infection (total)

1 (0.7–1.6)

1.8 (0.8–3.4)

1.1 (0.4–2.3)

0.5 (0.2–1.4)

0.4 (0.2–0.8)

43.5 (36.6–46)

34.9 (25.4–40.6)

47.9 (36.9–54.8)

45.3 (33.3–54.1)

47.7 (32.8–53.8)
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Fig. 3. Proportion of transmissions by stage in the infection and care continuum versus proportion of these stages among infected men. (A) Relative frequency of infection/care stages in the population, among potential transmitters that overlap with the infection windows of recipient MSM and
could have, in principle, transmitted to one of the recipient MSM (stage A in Fig. 1; color codes as in
Fig. 2). (B) Proportion of the 617 transmission events attributable to each infection/care stage (bar:
95% bootstrap confidence interval).
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Fig. 4. Impact of biomedical interventions among MSM in the Netherlands. Estimated proportion of transmissions that could have been averted in the period July 2008 to December 2010 if the corresponding additional
prevention strategies had been implemented by July 2008 (line, median; box, bootstrap interquartile range;
whiskers, 95% bootstrap confidence interval). Scenarios were varied by annual testing coverage of phylogenetically
identified, probable transmitters. Current testing coverage was 17%, corresponding to the proportion of probable
transmitters that had a negative test in the 12 months before diagnosis.
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No improvements to
annual testing coverage

potential caveat to the robustness of our
findings is that only half of all potential
transmitters had a viral sequence sampled.
Although population-level sampling biases were adjusted, we must acknowledge
that the actual transmitter may not have
been sampled for all recipients. Improving
sequence sampling coverage at time of diagnosis is needed to facilitate phylogenetic
prevention analyses (24).
The identified sources of transmission imply, first, that viral suppression
induced by ART is highly effective in
preventing transmissions in this population (Fig. 3). The relative risk of HIV
transmission from men after ART initiation varies by stage but is always estimated well below 1 when compared
to diagnosed, untreated men with a
CD4 count above 500 cells/ml, and is
in particular 0.04 (0.02 to 0.1) for men
with viral suppression (fig. S11).
Second, very few transmissions are
attributable to temporary or permanent
loss to follow-up, which must be
considered in the context of high linkage and retention to care in the Netherl a n d s : f e w d i a g n o s e d MSM had
subsequently no contact to care for at
least 18 months (8.2%) and most reentered care within 5 years (69%) (9). In
contrast, several studies indicate that
more than half of all transmissions
among MSM in the United States originate from men that were not retained in
care (25–27). The estimated impact of
particular prevention strategies in Fig.
4 is limited to settings with a similar epidemic profile and care cascade as the
Netherlands (Table 1).
Third, not more than an estimated
20% of infections in the cohort could
have been averted between mid-2008
and December 2010 with immediate
ART after diagnosis. Given the remarkable expansion of ART coverage in the
Netherlands in the past (9), the prevention potential of immediate ART is
now limited. Nonetheless, starting
ART at a cell count above 500 cells/
ml leads to improved clinical outcomes
and remains a priority (28).
Fourth, and similar to other locations (24, 29), almost half of all infections in our transmission cohort
originated from men in their first year
of infection. Frequent early transmission limits the overall impact of annual
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MATERIALS AND METHODS
Study design
We conducted a retrospective viral phylogenetic transmission and prevention study that focuses on transmissions to MSM that were confirmed
to have recent HIV infection at time of diagnosis in the Netherlands (Fig.
1). The prespecified objectives were to, first, reconstruct past, phylogeneti-

cally probable transmission events to these recipient MSM; second, to
estimate the proportion of transmissions originating throughout the infection and care continuum based on the reconstructed transmission
events; and, third, to estimate the proportion of infections that could
have been averted through reallocating past, probable transmitters to
less infectious stages in counterfactual modeling scenarios.
The ATHENA national observational HIV cohort includes anonymized data of all HIV-infected patients followed longitudinally in the
27 HIV treatment centers in the Netherlands since 1996, except 1.5%
who opt-out (9). ATHENA patients are informed of data collection by their
treating physician and can refuse further collection of clinical data according
to an opt-out procedure. Patients who were diagnosed between 1981 and
1995 were included in the cohort when they were still alive in 1996 (9).
Demographic, clinical, and viral sequence data were collected at entry and
follow-up visits as described previously (9). By March 2013, viral sequence
data had been systematically entered until December 2010. Therefore, recipients were enrolled between early 1996 and December 2010. Potential
transmitters were enrolled until database closure in March 2013. Table S1
characterizes the demographic, clinical, and viral sequence data that were
used in this study. The resolution of the infection/care stages in Table 2
was adjusted to ensure adequate sample sizes. The number of probable
transmission intervals after first viral suppression was too small to enable further stratification by treatment class. This study was reviewed
and approved by the HIV Monitoring Institutional Data Access and
Ethics Committee, and reported along STROME-ID guidelines.
Viral sequences of different subtypes (n = 355 from MSM), with less
than 250 nucleotides (n = 368) or indication for intra-subtype recombination (n = 52), were removed before analysis. Primary drug resistance mutations were masked in each sequence (43). Demographic and
clinical data were checked for consistency along patient timelines and to
lie within appropriate ranges. Outliers were reported to the ATHENA
quality control team and manually updated.
Recently infected, recipient MSM and infection windows
We enrolled as recipients all MSM for whom a narrow infection window
could be identified. MSM had evidence of infection within 12 months
before diagnosis if either a last negative HIV-1 antibody test in the
12 months preceding diagnosis, an indeterminate HIV-1 Western blot,
or clinical diagnosis of acute infection was reported. Figure S1 shows enrollment progress over time. Infection windows were at most 12 months
or shorter if indicated by a last negative HIV antibody test (fig. S2).
Potential transmitters to recipient MSM
We enrolled as potential transmitters all registered infected men that
overlapped with infection windows of recipients and thus could have
in principle infected a recipient. This definition required estimation of
putative infection times. Calculations are based on a method by Rice
and colleagues (44) (see the Supplementary Materials). Estimated infection times are associated with substantial uncertainty, and sensitivity
analyses were conducted for lower and upper 95% estimates. Table
S2 characterizes the potential transmitters to all recipients. Further analysis was restricted to potential transmission pairs with sequences from
both individuals (stage B in Fig. 1).
Viral phylogenetic exclusion analysis to construct the
transmission cohort
The viral phylogeny was reconstructed under the GTR nucleotide
substitution model with maximum-likelihood methods (45) and is
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testing plus immediate ART to those testing positive (Fig. 4), thus
implying that prevention services to uninfected MSM must be
strengthened. The substantial, estimated impact that PrEP would have
had in averting transmissions in our cohort (Fig. 4) supports making
PrEP available to MSM testing negative as in the United States (30). Recent PrEP demonstration projects (31, 32) indicate that existing barriers
such as low awareness (33) and a lack of experience among providers
(34) can be addressed. Concerns regarding the toxicity of PrEP,
increasing sexual risk behavior, and emerging drug resistance have
to date not been substantiated since PrEP was made available in the
United States (35). In the context of PrEP-experienced prevention
services, high discontinuation rates after PrEP initiation appear to
be the greatest challenge to maintain protection from infection (31).
Fifth, without substantial increases in current annual testing
coverage, ART and PrEP offered along the revised 2016 WHO guidelines
could not have prevented more than a third of all infections in our transmission cohort. Because phylogenetically probable transmitters tend to test
much less frequently than the average diagnosed MSM, substantial barriers
likely exist in reaching men at high risk of onward transmission, and further work is needed to characterize these (36). Strategies such as self-testing
(37), community-based testing (38), and more provider-initiated routine
testing in general practices and at medical admissions raised annual testing
coverage in pilot projects (39) and need to be expanded alongside biomedical interventions.
Sixth, this study indicates that substantial reductions in HIV incidence among MSM could have been realized with a combination
approach that includes—critically—increased annual testing, with
uptake of PrEP by young MSM testing negative and provision of
immediate ART to those testing positive. This finding is primarily
based on the impact of increased annual testing and the higher efficacy of PrEP reported in two recent randomized controlled trials
(20, 21), and updates previous studies that estimate more limited
benefits (4, 40, 41). Beyond age at testing, other characteristics
not available to this study may also indicate high infection risk
(42) and thereby identify groups of MSM to which PrEP should be
made available as a priority too. Provision of PrEP to all men testing
negative is not affordable at current drug prices in high-income
countries (40). The magnitude of the predicted impact of test-andPrEP-and-treat for all (Fig. 4) could set an aspirational target for the
fight against HIV among MSM.
The lack of substantial reductions in incidence among Dutch MSM
is not a result of ineffective ART provision or inadequate retention in
care. New HIV infections among MSM are challenging to prevent
because of frequent early transmission and continued low testing
uptake of men at risk of transmission. Counterfactual prevention
scenarios on phylogenetically reconstructed, past transmission
events to MSM with recent infection at diagnosis predict that increased
annual testing and uptake of PrEP by men at high risk of infection have a
key role to send the HIV epidemic among MSM into a decisive decline.
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Relative pairwise transmission probabilities
Among the 2807 confirmed transmission pairs (14), the genetic distance between sequences from the transmitter and the recipient was
strongly associated with the time elapsed between both sampling dates
and the midpoint of the established infection window (fig. S5). We fitted
a probabilistic molecular clock model to these data to describe the relative probability of observing a given genetic distance between sequences
from a transmission pair that diverged for a specified amount of time
from each other. The fitted model was then used to express the relative
probability that a phylogenetically identified transmitter was the actual
transmitter to a recipient (fig. S5).
Matching of clinical data to associate infection/care stages
with transmission intervals
Sources of transmission were not defined in terms of individuals but by the
14 stages in the infection and care continuum in Table 2 (stage E in Fig.
1). Stages were allocated to transmission intervals on the basis of available clinical data (table S1). The duration of transmission intervals was
set to 6 weeks to accommodate abrupt changes in infection/care stages.
Adjusting for censoring and sequence sampling biases
Toward the present, an increasing fraction of potential transmitters
may not have been diagnosed by the time of database closure. Potential transmitters with recent infection at time of diagnosis must, by definition, have been diagnosed within 12 months after the putative
transmission interval. Therefore, the extent of right censoring differs between stages. To adjust for right censoring, we counted when potential
transmitters in a particular infection/care stage became diagnosed in relation to the time of diagnosis of their recipient (fig. S6). This enabled us
to estimate the proportion of censored intervals for a hypothetical
database closure time in the past (fig. S6). We then extrapolated these
estimates to the actual database closure time with a bootstrap algorithm
(see the Supplementary Materials). To quantify sequence sampling biases,
we compared men with and without a sequence in the near-complete
population cohort (fig. S7). A negative binomial missing data model
was then used to adjust for the number of missing transmission intervals. Adjustments accounted for censoring; increasing sampling frequency with duration in care; high sampling frequency of men
returning to care, men participating in particular substudies, and men

with indication of drug resistance; as well as increasing sampling frequency with calendar time (fig. S7).
Epidemiological transmission analysis
Each interval was associated with a phylogenetic transmission probability (stage F in Fig. 1). The relative pairwise transmission probabilities (fig. S5) were equally apportioned to all observed intervals of the
same transmitter-recipient pair. Stage-specific data such as viral load
were not used to determine these probabilities to avoid circularity in
the attribution of transmissions to infection/care stages. Then, the
transmission probability in an observed interval t from transmitter i
to recipient j was calculated by
pijt ¼ w ijt

.

∑k;s wkjs þ ∑z mj ðzÞwðzÞ;

where wijt is the relative transmission probability in interval t, and the
denominator sums over all observed, competing intervals as well as
expected missing intervals mj(z) in stage z to recipient j. For missing intervals, relative transmission probabilities were imputed and set to the
median wijs of all observed intervals s in stage z, denoted by w(z). For a
missing transmission interval u in stage x to recipient j, we calculated
.
pju ¼ w ðxÞ

∑k;s wkjs þ ∑z mj ðzÞwðzÞ:

In 24 cases, two recipients were each other’s phylogenetically probable
transmitter. We considered transmission in each direction equally likely. The relative transmission probabilities wijt were calculated by
wijt ¼ wij fij =tij;

where fij is equal to 0.5 if i and j are each other’s phylogenetically probable
transmitters, otherwise 1; wij are the relative pairwise probabilities shown in
fig. S5; and tij is the number of transmission intervals between transmitter i
and recipient j.
These probabilities sum to 1 per recipient. If all transmitters are
sampled, we obtain pijt ¼ wijt =∑k;s wkjs . If some transmitters are not
sampled, the first part of the denomator, ∑k;s wkjs , is smaller and adjusted
by the second part of the denominator. The number of expected missing
intervals mj(z) differs by stage and adjusts for stage-specific censoring
and sampling biases.
The proportion of transmissions originating from the 14 infection/
care stages was obtained by summing the corresponding individual-level
transmission probabilities (fig. S8). Precisely, the proportion of transmissions from stage x to recipients diagnosed in [t1, t2] was calculated by
PT ð x; t1 ; t2 Þ ¼

∑ pj ðxÞ

j∈Rðt1 ;t2 Þ

∑ ∑ pj ðzÞ

1
∑ pj ðxÞ;
J j∈Rðt ;t Þ

¼

1 2

z j∈Rðt1 ;t2 Þ

where R(t1, t2) is the set of recipients with date of diagnosis in [t1, t2], J
is the number of recipients with date of diagnosis in [t1, t2], and pj(x)
is the probability that recipient j was infected by a transmitter in stage
x. The probability pj(x) is the sum
pj ðxÞ ¼

∑ ∑
i∈I t∈V
j

ijðxÞ

mj ðxÞ

pijt þ

∑

u¼1

pju;

where Ij are the observed, phylogenetically probable transmitters to
recipient j; Vij(x) is the set of observed transmission intervals between
i and j in stage x; and all other quantities are as defined above. The
formula for PT(x, t1, t2) can be intuitively interpreted as the average
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shown in fig. S3. Five hundred bootstrap trees were created to quantify
uncertainty in tree reconstruction (10). Genetic distances between sequences from transmitter-recipient pairs were highly variable (fig. S4),
which was accounted for in all analyses. To guide our choice of exclusion criteria, we considered, first, epidemiologically confirmed transmission pairs from previously published transmission chains in
Belgium and Sweden (15, 46). The Belgium transmission chain was
subsequently oversampled (14), providing 2807 sequence pairs from
confirmed transmitters and recipients without multidrug resistance.
Further, we considered 4117 pairs of sequences from the same Dutch
patient and 201,605 pairs between Dutch patients who died before the
last negative antibody test of another patient. These pairs were used to
quantify patterns of viral evolutionary diversification that can be
expected among confirmed linked and unlinked pairs, and to develop
exclusion criteria with high specificity (see the Supplementary Materials). The Swedish pairs were used for validation purposes. All potential
transmitters that were not excluded were considered phylogenetically
probable and are characterized in table S4.
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probability that a recipient was infected by a transmitter in stage x.
Thus, the precision in the estimated PT(x, t1, t2) depends primarily on
the number of recipients. We identified substantial individual-level variation in the transmission probabilities pj(x) (fig. S8), suggesting that a
relatively large number of past transmission events are needed to reliably quantify sources of transmission.

aðHÞ ¼ 1 −

∑ ∑ pHj ðxÞ

j∈Rðt1; t2 Þ x

where pH
j ðxÞ is the probability that recipient j is infected by someone in
stage x under the counterfactual prevention scenario H. The individuallevel prevention models are described in the Supplementary Materials.
Statistical uncertainty
Central estimates of PT(x, t1, t2) and a(H) were obtained under central estimates of the genetic distances in fig. S4, the resulting phylogenetic transmission probabilities wijt, and the expected number of
missing transmission intervals (Fig. 2C). Bootstrap sampling of the
recipients, the empirical distribution of genetic distances, the number
of missing transmission intervals under a negative binomial missing
data model, and the counterfactual reallocation procedure of probable
transmitters to less infectious infection/care stages were conducted to
obtain nonparametric 95% confidence intervals. Confidence intervals
were based on 1000 bootstrap replicates.
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The ART of HIV prevention
Despite the relative success of antiretroviral therapy (ART) for individuals infected with HIV, the rate of new
diagnoses has remained fairly constant in vulnerable population groups, particularly men having sex with men
(MSM). Now, ART is also available in the United States to uninfected individuals to directly prevent infection with
the virus. Ratmann et al. were able to reconstruct ~600 past transmission events among men having sex with
men in the Netherlands, and examined probable sources of transmission. They found that the large majority of
new infections is neither attributable to ineffective ART nor inadequate retention in care. Rather, many of these
cases could have been averted with more comprehensive HIV testing and a broader use of ART that includes
provision to uninfected men as well as starting ART as soon as possible among newly diagnosed men. These
findings support making ART for pre-exposure prophylaxis available worldwide, and especially in countries with
high retention in care and high ART coverage among infected MSM.
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