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ABSTRACT Objective; To identify joint trajectory patterns of direct and indirect maternal mortality

ratios (MMR) at the country level from 2000 to 2021, and to compare phase-specific changes during the
millennium development goals (MDG, 2000 to 2015) and the sustainable development goals ( SDG, 2015
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to 2021 ) periods, as well as differences in health system and policy environments across trajectory
groups. Methods: Data on maternal mortality among women aged 15 —49 years in 204 countries and ter-
ritories from 2000 to 2021 were obtained from the Global Burden of Disease ( GBD) Study. Direct cause
MMR and indirect cause MMR at five time points (2000, 2005, 2010, 2015, and 2021 ) were jointly
analyzed using longitudinal K-means clustering (kK =2 —6). The optimal number of clusters was deter-
mined by the Calinski-Harabasz (CH) index. Based on the clustering results, a piecewise linear mixed
effects model with random intercepts was fitted with a knot in 2015 to estimate the baseline intercept in
2000 and period-specific slopes for the MDG and SDG phases. For 2021, health system and policy-
related indicators, including antenatal care coverage ( =4 visits, ANC4) , proportion of women with a
demand for contraception that are using a modern method, cesarean section rate, female human immuno-
deficiency virus (HIV) prevalence, in facility delivery rate, skilled birth attendance, and an abortion le-
gality index were compared across clusters using the Kruskal-Wallis H test. All tests were two-sided, and
P < 0. 05 was considered statistically significant. Results: The CH index peaked at £ =3 (CH =
342.63) , classifying the 204 countries and territories into three joint trajectory clusters: high burden (n =
66) , medium burden (n =88), and low burden (n =50). In 2021, direct MMR was 334.6 (95% CI .
282.5 - 386.7), 65.6 (95% CI; 50.4 -80.7), and 5.4 (95% CI. 3.7 —=7.0) per 100 000 live
births in the high, medium, and low burden clusters, respectively; indirect MMR was 33.6 (95% CI;
27.9-39.2), 18.2 (95%CI; 13.5-22.9), and 0.9 (95% CI. 0.6 —1.3) per 100 000 live births,
respectively. The piecewise mixed effects model showed significant declines in direct MMR during the
MDG period in all clusters (slopes: —0.020, -0.016, and -0.036; P <0.001), whereas declines
slowed and became non-significant during the SDG period ( —0.011, 0.011, and —-0.006; P >0.05).
For indirect MMR, modest increases were observed during the MDG period in the high and medium bur-
den clusters (0.029 and 0.015; P <0.05) , with no significant change in the low burden cluster (P >
0.05). During the SDG period, indirect MMR increased markedly in the medium burden cluster (slope :
0.121; 95%CI. 0.092 —0.151; P <0.001) , while remaining broadly stable in the high and low bur-
den clusters (P >0.05). Health system and policy indicators differed significantly across the clusters
(P <0.001) : the high burden cluster showed lower ANC4 coverage, lower in facility delivery and skilled
birth attendance, lower demand for contraception satisfied by modern methods, and higher female HIV
prevalence; the medium burden cluster achieved near universal in facility delivery and skilled birth at-
tendance but had a higher cesarean section rate; the low-burden cluster generally showed more favorable
indicator profiles and a higher abortion legality index. Conclusion: Distinct joint trajectories of direct and
indirect maternal mortality were observed globally from 2000 to 2021. While reductions in direct maternal
mortality were substantial during the MDG era, progress broadly slowed and plateaued during the SDG
era. Meanwhile, the pronounced rise in indirect maternal mortality in medium-burden countries during
the SDG period suggests potential structural risk accumulation even when overall MMR appears stable.
Incorporating joint direct-indirect trajectories into routine monitoring may facilitate stage and cluster spe-
cific prioritization of maternal health interventions.

KEY WORDS Maternal mortality ratio; Direct maternal deaths; Indirect maternal deaths; Joint trajecto-
ry; Longitudinal clustering
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Table 1 Cause-specific maternal mortality ratios by joint trajectory cluster in 2021 (per 100 000 live births)

Cause-specific category

High burden ( Cluster 1)

Medium burden ( Cluster 2) Low burden ( Cluster 3)

Direct maternal deaths

23.9 (18.9,29.0)

Ectopic pregnancy
41.1 (32.5,49.7)

Maternal abortion and miscarriage

17.7 (14.1, 21.4)

Maternal obstructed labor and uterine rupture

74.3 (59.7, 88.8)

Maternal hemorrhage

71.4 (59.0, 83.9)

Maternal hypertensive disorders
Maternal sepsis and other maternal infections 44.9 (31.9, 57.9)
Other direct maternal disorders

61.3 (50.5,72.0)
33.6 (27.9,39.2)

Indirect maternal deaths

334.6 (282.5, 386.7)

65.6 (50.4, 80.7) 5.4 (3.7,7.0)
3.0 (2.0, 3.9) 0.2 (0.1, 0.2)
4.2 (3.3,5.1) 0.2 (0.1, 0.3)
4.0 (2.2,5.7) 0.2 (0.1, 0.3)
9.4 (6.4, 12.3) 0.8 (0.5, 1.0)
14.8 (11.5, 18.1) 1.0 (0.7, 1.2)
4.3 (3.0,5.5) 0.2 (0.1,0.2)

26.0 (17.3, 34.7) 2.9 (1.5, 4.2)
18.2(13.5, 22.9) 0.9 (0.6, 1.3)

Values are matermal mortality ratios (MMR) per 100 000 live births, shown as estimate (95% CI).
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Black solid lines represent direct maternal mortality ratios, and gray dashed lines represent indirect maternal mortality ratios. Shaded areas indicate 95%

confidence intervals. MMR, matermal mortality ratios.
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Figure 1 Mean trajectories of direct and indirect maternal mortality ratios by joint trajectory cluster from 2000 to 2021
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R2 T BOARGRUAETLIZ P A SE TR MU 5 A R AR AL R Al T HE

Table 2 Estimated intercepts ( baseline 2000) and peri

od-specific slopes from the piecewise linear mixed-effects model

Trajectory cluster Intercept (2000 baseline ) MDG slope (2000 -2015) SDG slope (2015 -2021)
Direct

Cluster 1 5.979 (5.824, 6.135) *** -0.020 ( -0.025, -0.016) *** -0.011 ( -0.022, 0.001)

Cluster 2 3.842 (3.666, 4.018) *** -0.016 ( —0.024, -0.008) *** 0.011 ( -0.008, 0.030)

Cluster 3 1.934 (1.769, 2.100) *** -0.036 ( —0.043, -0.029) *** -0.006 ( —0.023, 0.012)
Indirect

Cluster 1 2.958 (2.781, 3.135) *** 0.029 (0.014, 0.044) *** -0.011 ( -0.048, 0.026)

Cluster 2 1.346 (1.164, 1.528) *** 0.015 (0.003, 0.028) * 0.121 (0.092, 0.151) **~

Cluster 3 -1.009 ( -1.293, -0.726) **~ 0.009 ( -0.008, 0.026) 0.006 ( -0.035, 0.047)

The mixed-effects model used the natural logarithm of the maternal mortality ratio (In MMR) as the dependent variable ; slopes represent the annual

change on the log scale. MDG, millenmium development goals; SDG,
w4k P <0.001.

sustainable development goals; MMR, maternal mortality ratio. * P <0.05,

R3 2021 AFA[RIPUL SB[ 522857 40 TUAE BEIR LA

Table 3 Comparison of health resources among countries with different maternal mortality trajectories in 2021

Variable High burden (Cluster 1) Medium burden ( Cluster 2) Low burden ( Cluster 3) Kruskal-Wallis H
ANC( =4 visits) /% 63.25 (50.05, 81.66) 93.60 (86.34, 96.34) 99.18 (97.93, 99.67) 126.69 ***
Ei‘:;‘gdrizggfftrfé;fﬁjﬁ/o 52.73 (39.85, 73.38) 74.94 (57.49, 84.60) 89.78 (71.21, 92.98) 54.25 %"
Cesarean section rate/% 10.66 (6.02, 20.72) 32.03 (21.05, 42.43) 30.72 (22.00, 36.40) 63.36***
HIV prevalence in women/% 1.22 (0.16, 3.60) 0.13 (0.05, 0.29) 0.04 (0.01, 0.12) 59.44 ***
In-facility delivery rate/% 85.95 (64.28, 92.79) 99.35 (96.99, 99.76) 99.82 (99.61, 99.91) 105.19 ***
Skilled birth attendance/% 87.13 (70.59, 94.23) 99.56 (98.65, 99.83) 99.80 (99.49, 99.90) 102.54 **
Abortion legality index 50.72 (40.00, 65.00) 60.00 (40.00, 90.00) 85.00 (70.00, 90.00) 35.50

Data are M (P,5, P;5). Group differences were assessed using the
coverage; HIV, human immunodeficiency virus. s### P <0.001.
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Kruskal-Wallis rank-sum test, with H statistics reported; ANC, antenatal care

BA—ZRMETT B AR, e R B BB R K =
SR TE 1

A E K 2 B MDG BB B SR B T
% .SDG BBt R eI 1 T4 iR . = 2021
SEANAEHFTE 334. 6/10 T TG P AR Lo 15t B 7 L il
PERHIR G U AT — S HE R, E— 2D BRI AT T T
PTG SZ T e 55 R R B 12 187 1 0 R 4 o 0 2 2%
GRENIAW ., I35 T, Bl ik 55 B 3 ok
It R i) Bl g T BEZ AL B, AT 29 1 B4



Ji o —, % 2000—2021 4F4nER 204 A E S S 32 P IR BE TR S B MR AT - 501 -

PERRE M — 2 P FRE Y Rk kS BE
PO T A BR ey T PH Ml X 28 P At Tk i 2 5
S8 SRR U R SR — B B 5 AT R
JECAEFER =B 55 7] B MRS T+ i bk &

A SR PH 2 [ S S B s S H 2 R SO TR 1Y
SET- 45 H S AR R . 2015—2021 4R [a] 42247 1H4E
TR LTV, R B RS E PR Hh BUAH R [ 7, B
JICELHEBE PRI RS SE | [8] 422 5L DA 7 252 384 0 4 53 A A
o LRI i &5 G HH 2 [ 57 BE Rl ™ Bl 55 4 1
77 T 2 AR 7 4 [ ZOK O S5 HALA 23 1
I By = i R C 4l A B i, 1R I B Be
TABET KU A DR PR 3R, AT BE LE 7 H I 554 il A4S 2
B RHG IHE | A RN S Z 2 B
AT o ZERHE ARG T 7 X — BB
FET AR X HE P B i | S S EAE N 5 e § 212, A
L 22 R 1A B RE ) ) B 30 R T X IR 55
B kAR o e nT UL, R S 7 B B
ZEPPIABET A F AR Wi e v B0 1] B, T By
PR oh BT e 4 R 1) AR 3 ) S AR DAL Y S
T o TEZERR B S A [R5 SR A TR fE 4
UG A A IAE A B [ 2B RS M A K
Bl 70 W 0 o bt LA il (8] 42 A0 IH) B 7 2 2 T
%LB, 19] .

A FE S 7R AU AR 2827 A A T R AT
I, AT RS AL LA AL TS5 R i R AR A, S
TE ELAESLIN A B — i il e, B R MMR AR fR e
HA TR WU R K AR A% s A TRIHEAE I AT REEL
IEOAET G RO IR . EA BT 2Bk 151 AMEEK
(4 22 By BEAE Tl A BRI S5, 7 77 BT 0 o AR
Wi i BT ST, 2807 T FE A AG) 2 AN AT 4 i A
SRR IR AT 7] (W) 45 A RE5 I AE A 2R 25 A0 P B
B0 DR, SRR A P A BE T R A R
SUROTAG U , T REAS F LA SCHRFXoF 272 77 i fdt B XU
AURTIEYE B0, AARTT &5, FF B 5 AL N B9 4G
IR A TR TAHESE A7 B T 3 R0 A ) A
JEE I B3 ] % i T ) S B DX 2 284, 5 S~ PSS
H AT S ) R 1) D RERE 5 i S () A B SR ML BN A
B DRSRARE o 53 o0, AN [R) DX e 1 DA B
2 SR TR 7N A o T A Ny % DB i A 0
P G e s A B R TR R
P OB , WOUESE Al A 15 AR PR 28 = Iast T
B EREAL 67% AR B9 K, B0
FET 1 P SR N 0 S AR I

ARHIFEIAFAE—E SR BRYE . 155, GBD W50 %k
YRR AR RS A ARl B2 = [ ) 2 A

BEAUG T, HLEE RAT RS2 B SRl A 5 R,
ABIRFEIE T S 0 A 0 T HE R e LA S Bk [ K A
Tl DX 22 5 B AR S o, s B A, RV 3 28
O LA SRR ) S — BOBR JEE A (RAE [ K2 I
VA DR ZAT A A% S R A S 2 R A2 1S
O, AN e e 5 oM B AT R, R U B A Y - -
AT AR R 5 PO, TR A ) 20 J7 T, ASBF 5
BERET HAR SRR AR T PR, Rt —
AU BRSO A, HLR FH OGS IR I 7 i 2 47 B
BREEERL, Al BEICIE e S M T Bl Rkl
W i DR S E TN s A R LI IS SUNEEE N
JEE (Ml DX R D) OB, 1k — 20 P B A [R] 1030 26 730 ] 58
AP E T R AR A BRI , LU i e 7R AN
[F) ST S R [l G2 S B T b AL 8 ) BRI

5 LBk ,2000—2021 4R ER 22 A0 T 1 HL
P (B [N )2 1T 22 B A 35 20 Ak B R TS
i, JEHAAEGAHE ZAE SDG B Belal #2827 115t
TRAEEIE T 10% (PR 1T}, R I 7E SR 2™
YABETHAOKP ARSI SE BT 5 T U T4 B A AR
SRS o IZAE RN, R ERA IR AE T By 5
it FH A RRAR S B D A0, T 1] SN S TR T2 254 5
TR R GEINRENT LAY T R, By £ 4H [ 52473 0
Do IR = IR 55 ] Rk 5 i, o 4 A
FNNT e 3 5N R T e M 5 NS
I A LA B K S W IR A 2 5 BOR RE ), £
BALUAR IR 55 KT SR P R B I PRk g . AR
WFFEE IR A B e s 1A ) [ 58 28 1A st T
AR AR RG22 5, il E 2 BB e 2 2
FEIME R T BRI R A T A

Pl A TEHE AR PR

EETTEAERR A — B, s i B SRS
R KR AT 5 45 B2 b F 5 BT, A G A T RE 98 S0
FRAEE Y2 50 SUB 0, IR R & SCR AT # 2RI A
S 30k

[ 1] World Health Organization, UNICEF, UNFPA, et al. Trends in
maternal mortality 2000 to 2020 Estimates by WHO, UNICEF,
UNFPA, World Bank Group and UNDESA/Population Division
[M/OL]. Geneva; World Health Organization, 2023 [ 2026-02-
01]. https://iris. who. int/server/api/ core/bitstreams/ c3957h94-
cdd5-47d7-8518-6202he229{8e/ content.

[ 2] World Health Organization. SDG target 3. 1 maternal mortality
[EB/OL]. [2026-02-01]. https://www. who. int/data/gho/ da-
ta/themes/ topics/sdg-target-3-1-maternal-mortality.

[ 3] World Health Organization. Millennium development goals
(MDG) [EB/OL]. [2026-02-01]. https://www. who. int/zh/
news-room/ fact-sheets/ detail/millennium-development-goals-%
28mdgs% 29.

[ 4] Souza JP, Tuncalp, Vogel JP, et al. Obstetric transition: The
pathway towards ending preventable maternal deaths[ J]. BJOG,



- 502 -

b =

PN S
JOURNAL OF PEKING UNIVERSITY (HEALTH SCIENCES)

%

i (B ¥ k)

Vol.58 No.3 Jun. 2026

[10]

[13]

[14]

2014, 121(Suppl 1) : 1 —-4.

Souza JP, Day LT, Rezende-Gomes AC, et al. A global analysis
of the determinants of maternal health and transitions in maternal
mortality[ J]. Lancet Glob Health, 2024, 12(2) : €306 - e316.
Cresswell JA, Alexander M, Chong MYC, et al. Global and
regional causes of maternal deaths 2009-20: A WHO systematic
analysis[ J]. Lancet Glob Health, 2025, 13(4) . e626 — e634.
Feng J, Huang J, Wu Q, et al. Maternal mortality ratios in South-
east Asia (1990 - 2021 ) Trends, disparities, and projections
through 2050 based on the global burden of disease 2021, with
reference to SDG 3.1[J]. BMC Pregnancy Childbirth, 2025, 25
(1): 1264.

Sepanlou SG, Rezaei Aliabadi H, Malekzadeh R, et al. Levels
and trends of maternal mortality and morbidity by cause in north
Africa and middle east, 1990 to 2019; An analysis for the global
burden of disease study 2019 [ J]. Arch Iran Med, 2022, 25
(10) : 666 —675.

GBD 2023 Causes of Death Collaborators. Global burden of 292
causes of death in 204 countries and territories and 660 subnational
locations, 1990 —2023: A systematic analysis for the Global Bur-
den of Disease Study 2023 [ J]. Lancet, 2025, 406 ( 10513 ) .
1811 - 1872.

Hay SI, Ong KL, Santomauro DF, et al. Burden of 375 diseases
and injuries, risk-attributable burden of 88 risk factors, and
healthy life expectancy in 204 countries and territories, including
660 subnational locations, 1990 —2023; A systematic analysis for
the Global Burden of Disease Study 2023 [J]. Lancet, 2025, 406
(10513) . 1873 —1922.

Global Burden of Disease Collaborative Network. Global Burden of
Disease Study 2023 ( GBD 2023) Covariates 1980 — 2023 [ EB/
OL]. [2026-02-15]. https://doi. org/10.6069/b09t — 1153.
Kruk ME, Gage AD, Joseph NT, et al. Mortality due to low-
quality health systems in the universal health coverage era: A sys-
tematic analysis of amenable deaths in 137 countries| J]. Lancet,
2018, 392(10160) ; 2203 -2212.

Marthias T, Anindya K, Saputri NS, et al. Effective coverage for
reproductive, maternal, neonatal and newborn health; An analysis
of geographical and socioeconomic inequalities in 39 low- and
middle-income countries[ J]. BMJ Glob Health, 2025, 10(2):
€016549.

Priebe J, Amuasi J, Dartanto T, et al. Factors associated with

skilled birth attendance in 37 low-income and middle-income coun-

[15]

[16]

[17]

[21]

[22]

[23]

tries: A secondary analysis of nationally representative, individual-
level data[ J]. Lancet Glob Health, 2024, 12 (7): ell04 -
ell110.
Say L, Chou D, Gemmill A, et al. Global causes of maternal
death; A WHO systematic analysis [ J ]. Lancet Glob Health,
2014, 2(6) : €323 —€333.
Chaves SC, Cecatti JG, Carroli G, et al. Obstetric transition in
the World Health Organization multicountry survey on maternal and
newborn health; Exploring pathways for maternal mortality reduc-
tion [ J]. Rev Panam Salud Publica, 2015, 37 (4/5): 203 -
210.
Cirelli JF, Surita FG, Costa ML, et al. The burden of indirect
causes of maternal morbidity and mortality in the process of
obstetric transition: A cross-sectional multicenter study[J]. Rev
Bras Ginecol Obstet, 2018, 40(3): 106 —114.
Banke-Thomas A, Wong KLM, Olubodun T, et al. Geographical
accessibility to functional emergency obstetric care facilities in ur-
ban Nigeria using closer-to-reality travel time estimates: A popula-
tion-based spatial analysis [ J]. Lancet Glob Health, 2024, 12
(5): 848 — e858.
Ferede Gebremedhin A, Dawson A, Hayen A. Evaluations of ef-
fective coverage of maternal and child health services: A systematic
review[ J]. Health Policy Plan, 2022, 37(7): 895 -914.
Boerma T, Campbell OMR, Amouzou A, et al. Maternal mortali-
ty, stillbirths, and neonatal mortality: A transition model based on
analyses of 151 countries [ J]. Lancet Glob Health, 2023, 11
(7): el024 - el031.
Langlois EV, Reid A, Khosla R. Mothers deserve better:
Evidence-based strategies to address maternal mortality [ J ].
Lancet Glob Health, 2025, 13(5) : €797 — €798.
Nove A, Friberg IK, de Bemis L, et al. Potential impact of mid-
wives in preventing and reducing maternal and neonatal mortality
and stillbirths: A lives saved tool modelling study [ J]. Lancet
Glob Health, 2021, 9(1) . €24 —€32.
GBD 2019 Risk Factors Collaborators. Global burden of 87 risk
factors in 204 countries and territories, 1990 —2019: A systematic
analysis for the Global Burden of Disease Study 2019 []].
Lancet, 2020, 396(10258) : 1223 —1249.
(2026-02-24 k)
(ARG £ )





